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ABSTRACT

ABSTRACT

Edge cracks affect the quality of rolled strip and the efficiency of production. The
objective of this study is to improve our understanding of the evolution of edge
cracks in cold rolling of thin strip. Experimental research and mechanics analysis
were developed to investigate the effects of rolling parameters and initial
microstructures on the evolution of edge cracks during rolling.
Low carbon steel was prepared for experiments on a Hille 100 experimental rolling
mill to examine the characteristics of edge cracks during cold rolling. The
characteristics of edge cracks were evaluated by specific instruments, such as the
Atomic Force Microscope (AFM), Scanning Electron Microscope (SEM),
Transmission Electron Microscope (TEM) and surface profile-meters. An Electron
Backscattered Diffraction (EBSD) technique was also used to analyse the features of
rolled strips with edge cracks.
The results obtained from the experiments show that rolling parameters such as
thickness reduction, rolling speed and lubrication have significant effects on the
initiation and propagation of edge cracks. A crack on the break area produced by a
worn trimmed edge is much larger than that on the cut area, and the surface quality
of the break area affects the growth of the crack. The crack increases with the ratio of
edge drop, which indicates that the edge drop has a significant effect on edge cracks.
When the total reduction in thickness exceeds 85 % (for this experiment, the
thickness is about 0.15 mm), the crack increases significantly and the reduction
distribution also has a significant effect on the edge cracks. AFM and SEM
observations have confirmed that the edge cracks originate from the porosity and the
grooves of rougher surface. Rougher strip surface increases the concentration of
stress and acts as a source of crack initiation during edge cracking.
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The initial microstructure of the rolled strip affects the initiation and propagation of
edge cracks. Edge cracking was found to be sensitive to the size of the grain in the
microstructure. The grain boundary is a barrier for edge crack initiation. A finer grain
structure can increase the range of threshold stress intensity and also decrease the
probability of crack initiation. A coarse microstructure resists crack propagation
better due to blunted crack tip. Sheared edges and lubrication can delay the initiation
and propagation of edge cracks. TEM shows that there are high density dislocations
around the tip of edge crack and the inhomogeneous structure in a non-cracked area
is a potential crack propagation direction.
The stress intensity factor (SIF) solution to edge cracks has been investigated. The
effective range of the stress intensity factor is of importance in defining crack growth
rate. The efficiency and reliability of SIF analytical modelling has been demonstrated
and the weight function was also applied in edge crack analysis. Three dimensional
finite element method (FEM) was proposed to simulate the propagation of edge
cracks in cold rolling of thin strip. The increasing pressure around the edge of the
strip accelerates the propagation of edge cracks. More reduction causes more
inhomogeneous deformation between the centre and the edge of rolled strip, which
extends the edge cracks significantly. Light pass reduction and lubrication to reduce
the propagation of edge cracks are recommended. The simulation provided further
important information for improving the edge quality of rolled strip.
The optimum condition to eliminate edge crack has been discussed and the proposed
method for predicting edge crack can be utilised to make defect free products from
rolling processes.
It is recommended that using more lubrication could clarify how rolling conditions
affect the evolution of edge cracks. The influence of the diameter of work rolls
should be investigated, together with the testing of a wide range of materials
including various chemical compositions and other steels. Further research about the
effect of surface roughness and oxidation on edge cracks and the Crystal Plastic (CP)
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application in the analysis of the influence mechanism of microstructure on crack
formation is also recommended.
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CHAPTER 1

INTRODUCTION

Edge cracking has affected cold rolled strip production for many years. Cracking
along the edges of cold rolled strip is a defect which affects the quality of the
product, as shown in Figure 1.1.

Figure 1.1 Edge crack during cold rolling.
Cold rolled strip with this defect must be either cut or downgraded, which costs the
production industry millions of dollars each year. The difficulty in determining its
exact cause is its sporadic occurrence which impedes a systematic study of the
problem. A concise report on edge cracking was presented by Dodd and Boddington
in 1980 [1] where they examined the parameters which influence its onset during
cold rolling. These included the stress and strain in relation to the apparent ductility
of the material as it was influenced by roll camber, applied tension, frictional
conditions, spread, edge shape, and ductility of the rolled metal [2-5]. Despite these
and many other efforts, it has not been possible to find definite links between its
incidence and the specific variations of plant parameters or practices. Definitive
answers to the underpinning cause of this defect have not yet been established.
1
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The aim of this research is to present our contribution towards an elucidation of the
initiation and propagation of edge crack defects by experimental and theoretical
approaches. The experiments have been conducted with workpieces provided from
BlueScope Steel in Australia and the origin of the crack was narrowed to specific
causes. The study is also to aim at a more complete understanding of the
microstructural evolution during rolling, as well as the application of analytical
modelling in edge crack analysis.

1.1

Significance of this research

Cold rolling is one of the essential elements in the manufacturing of sheet, strip and
foil products [4, 6]. A typical schematic diagram of tandem cold rolling mills is
shown in Figure 1.2. The layout of real time production may be different from this
schematic diagram. The demand for a high quality product is a key point in
manufacturing, therefore controlling the quality of the edges is an important issue.

Figure 1.2 Schematic diagram of tandem cold rolling mills.
Nowadays, the requirement for a quality strip is steadily increasing which is putting
pressure on innovation and further research to better understand the cold rolling of
thin strip. The quality of rolled strip is primarily measured by its mechanical
properties, shape, and surface finish [4]. High expectation for quality control in thin
gauge products has imposed increasing challenges in satisfying customs’ demands
for quality, and as the trend towards thinner rolled strip products increases, existing
rolling mills and control methods struggle to meet these demands and so defects such
as edge cracks, edge drop, surface wrinkles, and so on, become more pronounced
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which is why researchers and manufacturers need to make enormous efforts to
understand the factors affecting edge deformation.
Cracks in metal products lower their strength, rigidity, toughness, plasticity and
residual life, which are the main features of rejected and sub-standard products
manufactured from steel strips. Figure 1.3 (a-e) shows the state and shape of the
cracks in the present strip rolling [6]. Figure 1.3(a, e) are centralised cracks, Figure
1.3(b) is a transverse crack, Figure 1.3(c) is an opening crack, and Figure 1.3(d) is an
edge crack which particularly occurs in cold rolled thin strip.

Figure 1.3 State and shape of cracks during rolling [6].

Edge cracks must be removed by a trimming operation because the cracks may
rupture the sheet in a rolling mill. Subsequent edge trimming of the cracked material
leads to significant loss of productivity. In a typical cold rolling plant only about
50% of the original material makes it to the final product form, the remainder being
lost in various stages of production and returned to the melting pot [2, 4]. This
represents a large portion of lost productivity. This situation becomes critical when
the remaining width of the plate does not meet the requirements of the next stage of
the process or usage. In order to reduce costs and increase efficiency, designers have
approached the limits of rolled strip, hence the strong motivation to understand the
mechanisms of edge crack formation and develop predictive tools for controlling this
3
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phenomenon. The experimental determination of the model parameters remains a
challenging task because the stress and strain history at the edge of a rolled strip is
substantially different from the situation in a tensile test [5].
Decades of rolling experience have shown that thin strips obtain cracking in areas
where the tensile stress and material defects coincide [2]. For example, during cold
rolling of low carbon steel, cracks form along the edges of the strips. Little is known
about the evolution of these cracks and how their transformation occurs from pass to
pass under various rolling conditions. An understanding of the factors affecting the
evolution of edge cracks will provide a good foundation for controlling the final
quality of the thin strip.
It is well established that the rolling of low ductility steel leads to edge cracking and
other defects [4]. The factors that can affect the cold ductility of steel strips include
the rolling parameters, lubrication conditions, and initial microstructure i.e. the grain
size, and edge quality. Therefore, a clear understanding of cold rolling variables and
their interactions is needed to consistently produce high quality thin strip. It is
generally agreed that grain refinement helps ductility and eliminates edge cracking
due to an increase in the rate of re-crystallisation and a subsequent decrease in the
size of the re-crystallised grain [6]. Therefore, the effects of the rolling parameters
and the microstructure of edge cracking must be investigated at the same time as
having a steady control of the mechanical processing parameters.
Low ductility is a necessary condition for edge cracking to occur during cold rolling.
Crack propagation normally involves complete rupture of an appreciable volume of
material around the crack tips. The work done in crack propagating includes the
energy absorbed during ductile deformation of the metal before cracking takes place,
a factor that is very much greater than the surface energy term [5]. Appreciable
amounts of energy can be absorbed by the creation of these new surfaces and by an
increase in the strain energy contained by the reinforcing elements in this region. If
the separation of the crack faces becomes sufficiently large, the reinforcing elements
fail sequentially as the crack propagates and energy can be absorbed by frictional
losses when the elements were pulled out of a polymeric matrix. This effect increases
4
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with an increase in the length of the crack and results in major increases in the
effective work of cracking of the rolled strip. Few attempts have been made to
comprehensively review the formation of cracks in more fundamental terms by
relating their presence to operating stresses and strains and the microstructure of
rolled strip.
Workability is not a unique property of a given material [5]. It depends on such
process variables as strain, strain rate, friction, and the stress imposed by the process.
It is useful to examine workability through the relationship:
Workability =
where

(material) ·

(process)

(1-1)

is a function of the basic ductility of the material depending on material

condition and the fracture mechanism, and
imposed by the process.

is a function of the stress and strain

depends on process conditions such as lubrication

(friction) and rolling geometry. Therefore, to describe workability in a fundamental
sense, a fracture criterion that defines the limit of strain as a function of strain rate
must be established. Furthermore, a description of the stress, strain, and strain rate
history at potential cracking sites is also required.
During rolling, inhomogeneous deformation of the strip edge causes the initiation
and propagation of edge cracks [5]. An understanding of the factors affecting the
evolution of edge cracks will provide a good foundation for controlling them, and
final product quality. To help understand these factors in this study the applicability
of edge crack mechanics models was explored. It was apparent that the quality of the
trimmed edges also affects edge cracks. In addition, the rolling parameters and
microstructure influence the formation of edge cracks during cold rolling of thin
strip.
There are few literatures about the research of the edge crack during cold rolling of
thin strip. Therefore it is of significance to carry out some research on the evolution
of edge cracks and solve the edge crack mechanism problem which in turn will
improve the quality of the strip and result in high quality rolled products without
cracked edges.
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1.2

Research objectives

As mentioned above, there have been difficulties within studies concerning edge
crack causation, with the most problematic ones being in the area of crack initiation.
The objective of this research was to reduce or eliminate edge cracks using an
advanced predictive modelling approach to processing mechanics that can provide an
optimal design for the deterministic and probabilistic parameters, and suggest
corrective changes during the cold rolling of thin strip. This overall objective was
realised by pursuing the following objectives:
(1)

To determine how the rolling parameters affect edge crack;

(2)

To determine how the quality of the trimmed edge affects the activity of
edge crack;

(3)

To determine how the quality of the initial strip edge affects edge crack;

(4)

To determine how the microstructure affects the evolution of edge crack;

(5)

To develop computational models for edge crack that can capture
uncertainties at the deterministic and probabilistic levels, and identify
process parameters that affect the formation of defects; and

(6)

1.3

To investigate the mechanism of strip edge cracking.

Research methodology

The research methods used in this investigation are best described as experimental
and numerical modelling where mathematical modelling is an extremely important
tool. Due to the complexity of this process, many mathematical models were needed
to simplify assumptions before so that solutions could be obtained. With the
development of digital computers and finite element software, complicated
mathematical modelling that considers many factors can solve problems efficiently.
Crack research faces three challenges, the physical phenomenon of the initiation and
propagation of crack, a suitable fracture model for numerical implementation, and
convenient model parameters for calibration. The mechanical parameters related to
cold rolling, the rolling parameters and microstructures which may all cause cracking
6
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must be investigated whilst simultaneously controlling the process parameters. In this
study the rolling parameters and microstructures in the edge crack formation during
cold rolling were analysed, as shown in Figure 1.4. There are two reasons why edge
crack occurs, the first stems from the properties of the material (microstructure)
while the second is from material processing (rolling parameters). Therefore it is of
significance to develop a robust predictive method for crack initiation and
propagation for cold rolling of low carbon steel.

Figure 1.4 Research schedule of this dissertation.
In order to develop a predictive method for crack initiation and propagation, general
and efficient methods for characterising strip edge cracks were used requiring an
accurate method for calculating the SIF. Weight functions have been developed for
edge cracks that separate the loading and geometry of crack parts and consider the
effect that each one of these factors affecting edge crack has on the SIF separately.
They are useful for arbitrary stress distributions where an accurate empirical formula
for the stress intensity factor does not exist. In addition, the Finite Element Analysis
(FEA) is also proposed to simulate the edge crack during cold rolling. A combined
experimental and numerical program was carried out to verify and validate the
proposed model.
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1.3

Outline of the thesis

The thesis consists of seven chapters and a bibliography of cited references. Below is
a list of the contents in each chapter. In this chapter the background of cold strip
rolling is introduced, its significance is discussed, the objectives of the thesis are
given, and the research methodology is also proposed.
Chapter two reviews previous research that is relevant to the current study. It
includes the complexity of the rolling process, friction during cold rolling, surface
roughness during cold rolling, and the microstructure of hot rolling, basic theories for
crack initiation, crack propagation, the application of weight function and finite
element method (FEM) simulation, and a summary of the chapter.
Chapter three shows the experimental procedure. It includes microstructure analysis
of hot rolling (sample preparation, hot rolling schedule, and microstructure analysis),
cold rolling experiment (sample preparation, cold rolling schedule, and rolling
parameter analysis), and a summary of the chapter.
Chapter four shows the effect of rolling parameters on edge cracks. It includes the
introduction, the influence of rolling parameters on edge crack, including the rolling
reduction, rolling speed, rolling lubrication, surface roughness, and cut and edge
shape; crack features analysis including crack shape, thickness around the edge of the
crack, opening angle, and curve crack tip; and a summary of the chapter.
Chapter five shows the effects of microstructures on edge cracks. It includes the
introduction, the influence of microstructure, crack initiation and propagation, EBSD
and TEM experimental analysis, and a conclusion.
Chapter six shows the analytical modelling of edge cracks. This includes an
introduction, weight function, evolution of crack direction and shape, and a FEA
simulation of edge cracks. Damage models are incorporated in the numerical
simulations. These models utilise plasticity with damage variable models including
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evolving porosity and Cockcroft-Latham theory in terms of plastic work. Finally, a
conclusion is drawn.
Chapter seven shows the conclusions and the recommendations for future work.
The chapter includes conclusion itself, and the effects of lubrication, oxidation, roll
diameters, and steel composition on crack formation are recommended for future
work. Crystal plastic analysis of microstructure is also recommended for future study
and experimental investigation.
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CHAPTER 2

LITERATURE REVIEW AND SCOPE OF WORK

In this chapter a detailed analysis of selected aspects of the extensive literatures
concerned with cold rolling principles will be presented in order to assess the theory
of two possible causes that may contribute to the formation of edge crack defects.
This chapter begins with a brief description of the theories for crack analysis
including Griffith criterion for crack extension, crack modes, stress intensity factor,
fracture mechanics, fracture toughness and crack tip opening angle, followed by
plastic deformation in metal, effect of microstructure on crack, crack criteria in metal
forming and analytical modelling. The second part describes the microstructure
evolution during hot rolling and the research on friction and surface roughness. Then
an analysis on cracks formation during metal forming and the factors affecting crack
initiation and propagation have been studied. This chapter concludes with problems
and findings from the literature review and research scope in the present study.

2.1
2.1.1

Theories for crack analysis
Griffith criterion for crack extension

The research on crack extension is of significance both industrially and
academically. Researchers have conducted related studies of cracks which include
experimental studies and theoretical analysis [35, 36].
Fracture mechanics was firstly proposed by Alan Arnold Griffith, an English
aeronautical engineer. Griffith considered crack propagation to be primarily an
energetic process where a crack in a plane extends coincident to the plane containing
the original crack [35-40]. The approach was to do the following:
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1)

Compute the potential energy stored in a specimen under a tensile load;

2)

Fix the boundary so that the applied load does not work, and introduce a
crack into the specimen; and

3)

Compute change in the free energy (surface energy - elastic energy) as a
function of the crack length.

Fracture of parts occurs when the free energy attains a peak value at a critical crack
length, beyond which the free energy decreases by increasing the crack length, i.e. by
causing it to fracture [35, 36]. The critical stress  c was used as the stress required
for crack propagation, and the relationship between  c and the crack length can be
expressed by
1/ 2

 2 E 

 a 

c  

1/ 2

 E 


 a 

(2-1)

where E is Young’s Modulus of the material,  is the surface energy, and a is the
crack length.
Griffith argued that the following caused micro cracks to change into cracks:
1)

Change of the direction of the predominant stress from localised shear
stress to local normal stress; and

2)

The stress near this crack increases, and this behaviour makes other
cracks nearby become dormant.

Fracture theory provides a theoretical basis of an analysis of crack initiation and
propagation [36, 39]. If a crack lengthens to a special value, the fracture stress
decreases dramatically with any further increase in its length.
2.1.2

Crack modes

The effect of plastic deformation cannot be considered in Eq. (2-1) so the equation
must be modified to apply to metal fractures. For example, if a plane crack extends
through the thickness of a flat plate and the crack plane occupies the x-z plane so the
11
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front of the crack is parallel to the z-axis, then the origin of the Oxyz system may be
placed at the middle of the crack front, as shown in Figure 2.1 [37, 38].

(a) Opening mode I, (b) sliding mode II, and (c) tearing mode III
Figure 2.1 Crack deformation modes [38].
The deformation mode relating to the displaced component in a coordinate direction
is called an open mode, or Mode I (Figure 2.1(a)), because it contains the opening of
the crack and the tensile load. Sliding mode or Mode II refers to the sliding
displacement of the crack and the shearing load, and the related deformation mode
(Figure 2.1(b)). The tearing mode, or Mode III, is the deformation mode relating to
the relative movement of the crack surface for the tearing load (Figure 2.1(c)). In
strip rolling, edge cracks are usually in Mode I.
2.1.3

Stress intensity factors

Stress intensity factors play a vital role in fracture mechanics because they are
functions of the position along the crack front, crack size and shape, loading type,
and the geometry of the structure [37, 38, 41]. They can be written as
√

(2-2)

where  is the stress, a is the length of the crack, and Y is the non-dimensional
function of the geometry. Crack occurs progressively in the following stages:
(a)

Nucleation of voids at the second phase particles, inclusions, existing
flaws or grain boundaries;
12
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(b)

Continued growth in the size of the voids with increasing plastic strain;
and

(c)

Deformation at a certain critical plastic strain that is localised to intense
shear along planes which connect to the voids and lead to final
separation.

Unlike in two dimensions, the stress intensity factor in most three-dimensional
problems also depends on Possion’s ratio. The intensity factor, an important factor in
linear fracture mechanics, is also a measure of the stress state for a given material
where there are given geometry and load. Figure 2.2 shows the shape factors for a
crack in an infinite medium (Figure 2.2 (a)), for an edge crack in a semi-infinite
medium (Figure 2.2 (b)), and for a penny-shaped crack in an infinite medium (Figure
2.2 (c)). For edge cracks, the value of Y is 1.12.

(a) A crack in an infinite medium, (b) an edge crack in a semi-infinite medium, and
(c) a penny-shaped crack in an infinite medium
Figure 2.2 Shape factors for cracks [41].
The relationship between the fracture stress and crack length is illustrated in Figure
2.3, where the fracture stress decreases quickly as the length of the crack increases.
Irwin [36] presented modified fracture dynamics based on Griffith’s theory, and
carried out research on the stress near the tips of the cracks using elastic theory.
When the applied load increases, the crack reduces the stress and the elastic energy
near the faces, and the crack also increases the total surface energy of the specimen.
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A crack becomes increasingly more unstable as its speed of propagation is increased
[39]. It can then easily be deviated from its original path when encountering local inhomogeneity created by a void or defect. After that a second branch is frequently
generated from the point where the original crack turns towards the applied tension
due to material in-homogeneity.

Figure 2.3 Relationship between fracture stress and crack length [41].
2.1.4

Fracture mechanics

Fracture mechanics is the analysis of structural behaviour in terms of applied stress,
crack length and component geometry, which may be used to define critical crack
lengths. Due to a non-uniform state of stress and singularity at the crack tip, analysis
of crack initiation and propagation is a complex phenomenon. Aslantas et al. [42]
presented linear elastic fracture mechanics and finite element modelling to predict
crack formation in the elastic state. Crack growth was assumed to occur either in the
plane of maximum shear stress intensity factor range or that of maximum tensile
stress intensity range. Dynamic fracture mechanics for the interaction was proposed
for analysing crack edges and the contact interaction at the crack edges influenced
the fracture mechanic criterions [43]. Dynamic characteristics were sensitive to
change in boundary conditions, cracked locations, crack ratios, aspect ratios,
applying loads and environmental factors [44]. The stress intensity factors of an
interface crack are based on a federalised plane strain condition [45-47]. The rate of
energy released based on fracture mechanics was obtained by the virtual crack
extension method in conjunction with the finite element method for a generalised
14
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plane strain condition. The energy release rate was separated into individual modes
of the stress intensity factors KI, KII, and KIII, using the principal of super-position.
The basic objective of fracture mechanics is to provide a quantitative measure of
resistance to the extension of crack that is independent of the size and shape of the
crack, the size and shape of the part containing the crack, and the manner of applying
external loads [35, 46-50]. The stress analysis equations for determining the fracture
toughness

in a particular test specimen are based on linear elasticity because

fracture toughness measurements are not possible on highly ductile materials.
Simplified elastic-plastic modes for stress and strain at the crack tip have been made
supplemented with experimental observations of the plastic area [41].
An expression for fracture strain was proposed in the plastic zone:
⁄

(2-3)

where σ is the yield stress, ε is the true strain at fracture in the tension test, and n is
the strain-hardening exponent of Ramburg-Osgood. Although admittedly an
approximation at this time, the usefulness of this equation for fracture strain is shown
in Figure 2.4 where the values of

calculated from Eq. (2.3) are plotted against

measured values.

Figure 2.4 Correlation between fracture strain and ratio of hydrostatic pressure to
effective stress of fracture [41].
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2.1.5

Fracture toughness

Fracture toughness is used to measure the ability of a material to resist the rapid
crack propagation which is defined as the critical stress intensity level [4]. Energy
absorption is also used to characterise this quantity. Toughness is the inherent quality
of a material while fracture toughness is the quality that enables the strength of a
cracked body to be measured. Under a crack tip plane strain condition, stress at the
crack tip approaches a tri-axial tensile stress state where crack tip yielding is
constrained. Experimental data shows that for homogeneous material under plane
strain conditions, where stress in the thickness direction is no longer small and
negligible, yielding occurs at a much higher stress level than under uniaxial tension
[51].

Figure 2.5 Crack growth resistance curves with change in crack length [52].
Fracture toughness can be apparently increased by blunting of the crack tip due to
creep deformation and/or the hardening of the material within the crack tip zone, and
fracture toughness did not degrade as a result of exposure to high temperature [52].
Figure 2.5 shows the crack growth resistance curve measured from fracture
toughness tests which increases with an increase in change of crack length.
Additionally the grain size and alloy composition play significant role in fracture
16
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toughness. The fracture toughness of alloy is found to increase with an increase in
grain size initially, reach a maximum and subsequently decrease with further
increase in grain size. Alloys containing higher Al and Nb showed a higher
toughness for the same grain size due to stress induced martensitic transformation at
the crack tip [53].

2.1.6

Crack tip opening angle

Crack tip opening angle (CTOA) is becoming one of the more widely accepted
properties for characterising fully plastic fractures, especially for ductile cracks. Its
main advantages are that it can be measured directly from the profile of the crack
opening and also be related to the geometry of the fracturing materials. A steadystate CTOA could be considered a material property and used as either in addition or
as an alternative to the absorbed fracture energy for assessing the toughness of
materials. In addition, the CTOA criterion can easily be used in finite element
models of the propagating fracture process. Darcis et al. [60] investigated the crack
tip opening angle (CTOA) measurement methods for five pipeline steels.

Figure 2.6 Measurement range for critical CTOA values [60].
Figure 2.6 shows the measurement range for critical CTOA values. This
measurement is to use the data from the crack profile to fit lines from the crack tip to
pairs of reference points located further back. This method is convenient for CTOA
measurement because it allows an extended region for steady state crack growth. The
design also allows for the development of a fairly large plastic region at the crack tip.
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2.2

Plastic deformation in metal

From experimental evidence, plastic deformation within metal is a shear dominated
event due to dislocation within the metal matrix. On a microstructure level, a metal
matrix consists of a series of crystals or grain [54-59]. A grain consists of a
crystalline lattice of atoms, with each grain possessing an individual crystallographic
orientation, as illustrated by Figure 2.7 (a). The regions between grains, where the
crystallographic structures of individual grains meet, are known as grain dislocations,
as illustrated by Figure 2.7 (b). The dislocations, under a certain magnitude of
applied shear stress, move along favourably orientated crystallographic planes
known as slip planes [37]. When the orientation of such grains is random on a
statistical basis, the resulting material properties on a microscopic scale are relatively
uniform in all directions [43, 58]. A metal alloy with uniform material properties in
every direction is referred to as isotropic, whilst a metal with an initially un-voided
and uniform grain structure throughout the metal matrix is referred to as
homogeneous.

(a) Grain crystallographic orientation, and (b) dislocation movement
Figure 2.7 Metal microstructures [54].
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2.3

Effect of microstructure on crack

The ductility of a metal is strongly influenced both by the properties of the matrix
and by the presence of inclusions, including the volume fraction, shape, and
distribution. Mechanical working tends to elongate and align inclusions in the
direction of extension. Microstructure, as an important factor affecting material
properties, plays a significant role in crack initiation and propagation [70-77].
Microstructural analysis shows that highly elongated fine grains were predominantly
found in the edge region which did not recrystallise. This region was harder than the
central region composed of equiaxed grains where dynamic recrystallisation had
occurred. Cracks initiated at film-type k-carbides continuously formed interfaces
between bands, while the band populated with k-carbides did not play an important
role in initiating cracks [78]. The analytical model shows the parameter of the crack
growth driving force was strongly affected by the scale of the microstructure, such as
size of the grain or precipitated spacing [73].
2.3.1

Crack initiation

No one technique has emerged over the last decade for monitoring crack initiation
because a lot of uncertainties concerning estimating fracture and reliability have not
been resolved. The classification of cracks has expanded as researchers have striven
to describe the growth of smaller crack lengths seen in SEM. Microstructural short
cracks are heavily influenced by the orientation and boundary properties of the grain.
The potential mechanism for fretting crack initiation was investigated in Ref. [79].
Experimental-numerical approach showed that the mechanism for crack initiation
was governed by the maximum shear stress range in the critical plane. The forming
and development of cracks are the combined results of microstructure and stress in a
material. Cracks begin to form with the creation of slip bands in ductile materials that
result from intense deformation due to the shear motion between crystalline planes. It
is also well known that inclusions have a deleterious effect on the deformation of
materials because cracks nucleate at inclusions on grain boundaries and grow until
the boundary has been removed from the vicinity of the inclusion [80, 81].
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The driving force for micro-crack nucleation is the highly localised shear strain on
the maximum shear plane. The definition of micro-crack initiation is where the
direction of crack propagation at 45° to the applied load, and extends inward from
the edge. Crack initiation never extends over more than about two to five grains
around the origin and the fracture surface is along a well-defined crystallographic
plane around each grain. The width of the shear band probably plays a role, while
deformation on intersecting planes is often considered. The process is associated
with the formation of micro cracks. Once formed, a crack tends to propagate
approximately 45° to the tensile stress [78, 80]. The distribution of inclusions and
highly strained regions governs micro-cracking in ferritic-pearlitic steel.
Experimental studies on the effects of loading on fracture contact features have been
conducted using scanning microscopy [82]. Various sub-surface crack sizes were
selected to identify the fracture mechanisms in different types of lubricants [48].
Influence of mixed modes I, II and III loading conditions has been indentified on
crack initiation, and on the further development of three dimension growth of crack
[83]. An important microscopic feature which is unique to deformation is the
formation of grooves on the intrusion and extrusion slip bands. The changes in the
surface layer of steel mandrel rolls with different services were investigated using a
Vickers micro-hardness tester, SEM and EDS [74]. The evolution in microstructure
near the surface during rolling had a great influence on the site of crack initiation, as
shown in Figure 2.8.

Figure 2.8 Surface micro cracks and defects [74].
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The intensity of energy transferred to the crack tip depends largely on the loading
rate and physical dimensions of the crack in relation to the microstructure. The
amount and direction of δ-ferrite influenced crack initiation [70, 72], which was
caused by the incompatibility of strain at the interface between the δ-ferrite and the
matrix, where the site for crack initiation was δ-ferrite, precisely at the interface
between the matrix and δ-ferrite. The tendency for cracks to begin appears to be
strongly linked to the orientation of the grains relative to the direction of loading, and
those grains less favourably aligned with the loading direction appear more
susceptible to crack initiation [80].

2.3.2

Crack propagation

Stress is driving force for crack propagation. Three dimensional stresses near the
crack tip were mainly determined by the thickness of the plate and the curvature at
the crack tip [77]. After crack initiation, the crack propagates at right angles to the
direction of tensile stress until fracture takes place due to overloading. The recent
development of an energy based isotropic damage model with two damage variables
was described in some detail [73, 82]. Previous investigations have shown that
ductile fracture involves four successive processes which are the nucleation of voids
from inclusions, void growth, onset of a crack and cracking propagation [77]. When
a material is formed by rolling or forging, etc, it experiences large unrecoverable
deformation which develops concentrated zones of high strain and as a consequence,
the onset of internal or surface cracks.
A large twist in the crack plane at the boundary of the grain results in a greater
resistance to crack growth across the grain boundary. In addition, crack propagation
becomes slow probably because the grain boundaries along the crack front possess
more resistance than the driving force can overcome [75]. A crack can only continue
to grow when there is a low energy path beside the grain boundary. However, the
probability for a short crack to have such an easy path ahead of its tip may be very
low, which explains why many short cracks stop growing [80]. Facture can be
described by a fracture criterion based on the total crack tip energy release rate.
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Discrete dislocation plasticity is applied to analyse the effect of a lattice friction
stress on the monotonic growth of a plane strain mode I crack [78, 79]. As the
friction stress increases the resistance to crack growth decreases. The stress
component has a very high value at the crack tip and decreases with distance from
the crack tip. The physical displacement of micro-pores in a crack-tip stress field is
used to obtain local mixed mode driving forces along the front of a crack, and its
feasibility is confirmed [83].
2.3.3

Grain size influence on crack evolution

The behaviour of steel is greatly influenced by the initial size of its grain. Refining
the grain increases the rate of recrystallisation. This applies equally to static
recrystallisation between rolling passes and to dynamic recrystallisation observed at
the high strains developed in cold rolling [76]. Figure 2.9 shows the fraction of
dynamically recrystallised structure for different initial grain sizes.

Figure 2.9 Fraction of dynamically recrystallised structure for different initial grain
sizes [76].
An experimental investigation into the fracture properties of austenitic nickeltitanium under uniaxial tension was presented in Ref [79]. The average plane strain
crack initiation fracture toughness for fine grained polycrystalline nitinol sheets at
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room temperature was measured. Small cracks in coarse-grained material showed
higher growth rates than those in fine-grained materials owing to a much smaller
effects of microstructures such as grain boundaries and crack deflection [76]. The
growth rates of small cracks followed log-normal distributions independent of grain
size [78]. The coefficients of variation of the growth rate in coarse grained material
were smaller than those in fine grained materials, and the decreases of the growth
rate due to grain boundaries and crack deflections were less remarkable in coarse
grained materials than in fine grained ones. The effective threshold of the stress
intensity range increases linearly with increasing square root of the mean intercept
grain size [76, 77]. The fracture surface elements are preferably oriented around the
planes of maximum shear stresses because it is independent of both the grain size
and actual level of stress intensity.

2.4

Crack criteria in metal forming

Prevention of ductile cracking is an important concern in metal forming processes
such as rolling. There are a lot of fracture criteria [61-69], so keeping the number of
experimentally determined parameters to a minimum is advantageous. In the
following formulae C1 to C7 are the critical material dependent values, at fracture
they are denoted by the subscript f; A, B, D are material constants to be determined
experimentally; σ , σ , σ are the principal stresses; σ is the hydrostatic stress and σ
and ε are the equivalent stress and strain respectively.
The empirical criterion could be used to predict the limit of the curves forming at
fracture with the rather a complex shape, as well as a linear shape. The empirical
hypothesis of the ductile fracture criteria is that ductile fracture occurs when the
maximum damage of the workpiece exceeds a critical damage value (CDV). These
criteria generally have an integral form which represents the effect of the
deformation history of the process parameters.

process parameters dε

CDV

(2-4)
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where ε is the effective strain at fracture and F is a function of the process
parameters. Eq. (2-4) means that ductile fracture depends on the plastic deformation
of the material. The integral criteria often take the integral form of a stress function
over the effective strain field.
Table 2.1 Crack criteria
Criteria

Formula

Illustrations

Freudenthal

Strain energy to fracture

Cockcroft-

Tensile plastic work per

Latham

unit volume

Brozzo

2
3

Maximum tensile and
mean stress

Oh

Ratio of the maximum
tensile to the effective
stress

Osakada- Mori

Explicit dependence on
effective strain

Clift
Oyane

(Note:

Total plastic plastic-work

1

Void growth model

and are the equivalent stress and equivalent strain respectively,
hydrostatic stress,

is the

is the equivalent strain to fracture)

Cockroft and Latham [62, 65] observed that ductile fractures in metal forming
processes tend to occur in the region of largest tensile stress. The Cockcroft-Latham
method is sometimes referred to as a ductile fracture criterion, because it can be used
to evaluate fracture conditions with significant plastic deformation. Clift proposed
the use of generalised plastic work per unit volume instead of using the maximum
principal stress. Brozzo included an explicit dependence on hydrostatic stress for the
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prediction of formability limits in sheet metal. The criteria based on accumulated
strain models are summarised in Table 2.1.

2.5
2.5.1

Analytical modelling
Stress intensity factors solution (SIFs)

The SIFs are the most important magnitudes within fracture mechanics because they
define the stress field close to the tip of a crack and provide fundamental information
about the direction of crack propagation [71, 79]. The SIF is used to quantify the
severity of the stress in a cracked structure, and whether a crack will grow or not and
how fast [82, 83]. Therefore, the determination of stress intensity factors is a
fundamental tack for the application of linear elastic fracture to practical engineering
problems. The SIF calculation is rather complicated because it is a function of the
position along the crack, crack size and shape, type of loading, and geometry of the
structure.
Many investigations have been carried out to relate to the behaviour of crack
propagation, and fracture was widely used in the stress intensity calculations. Several
models of crack propagation have been developed to investigate crack growth
mechanisms, and a great amount of work has been done to evaluate SIFs for different
loads and geometries. The crack propagation rate is proportional to a power of the
SIF range. Guo et al. [55] carried out research on the influences of parameters such
as the non-homogeneity constant and geometry parameters on the dynamic SIFs. The
dynamic behaviour of functionally graded orthotropic strip with an edge crack is
more complicated than that of any corresponding internal crack problem.
The stress intensity factor solutions for edge cracks in plate geometry under general
loading conditions were presented in [56, 58]. The weight function and distribution
of stress on the anticipated crack plane used to obtain the stress intensity factor was
suitable for calculating the stress intensity factor of padded geometries that cracked
under general loading conditions. Choi [56] examined the stress intensity factors for
an edge crack in a coating/substrate system with a graded interfacial zone under anti25

CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK
plane shear. Weight function arguments and a boundary collocation technique were
used to re-examine the stress intensity factor solutions to several classic twodimensional linear elastic single edge-crack configurations. The influence region
would vary with crack depth.
Fotuhi and Fariborz [59] reported the stress analysis in a cracked strip, and applied
the distributed dislocation technique for the stress analysis of multiple cracks with
arbitrary patterns in an elastic isotropic strip. The variations of non-dimensional
mode I stress-intensity factors verses rotating angle were shown in Figure 2.10.

Figure 2.10 Mode I stress-intensity factor for edge and rotating embedded crack [59]
In general, the geometry and loading encountered for three dimensional crack
problems is too complicated for the stress intensity factor to be solved analytically,
because this parameter is known to be a function of the position on the crack front
and not a single constant, as with two dimensional problems. The localised edge
deformation on the free surface has not been reported until now. In order to
accurately simulate any variation in the displacement between the upper and down
crack surfaces, special crack tip elements were employed in a numerical
implementation of the traction integral equation and those of the special crack tip
elements [74]. Fracture mechanics analysis was utilised to determine the stress
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intensity factors (SIFs) along the crack front and the SIFs were analysed using a
three dimensional boundary element model [84-88].

Figure 2.11 Experimentally determined surface pits (a) and subsequent
computational model (b) [84].

Figure 2.12 Subsequent numerical results for KI, KII according to MTS criterion [84]
Fourier transform technique was used to solve the governing equations which were
reduced to a system of three singular integral equations [87]. Normal and shearing
stress distributions and the stress intensity factors at the edges of the crack and at the
corners of the strip were calculated. Guduru et al. [84] presented numerical
modelling of the crack path in lubricated rolling-sliding contact problems where the
maximum tangential stress (MTS) and modified MTS criterion were proposed to
predict the crack propagation. A three dimensional computational model was
provided to describe the pitting phenomenon on the contacting mechanical elements.
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The formation of larger pits is shown in Figure 2.11 (a), and the initial crack a0=15
μm started from the bottom of the existing surface pit (Figure 2.11(b)). Figure 2.12
shows the numerical results of the subsequent numerical analysis, where the MTScriterion was used.
These computational analyses had shown that the stress intensity factors KI and KII
were changing during contact loading and reached their maximum values after the
crack mouth entered the contact zone. The stress field close to the tip of a crack
changed with the loading.
2.5.2

FEM simulation on crack

2.5.2.1 FEM application in crack research
How to predict and control crack propagation is still the focus of both
experimentation and calculation. Finite element method (FEM), an effective
technique to complicated problems, has provided an insight into the behaviour of
graded materials containing crack-like defects through quantifying the effects of
processing parameters on the crack driving forces and other fracture-related
parameters.
Many researchers have used FEM to simulate crack growth. An edge crack subjected
to normal moving and tangential loads was analysed by FEM under linear elastic
fracture mechanics conditions [92]. A standard displacement based approximation
was enriched near a crack by incorporating discontinuous fields and the near tip
asymptotic fields through a partition of unity method. The curved cracks could be
treated by mapping the straight crack’s enriched field [93]. The model, simulating
crack growth without re-meshing, consisted of a standard finite element model and
the representation of a crack which was independent of the elements [94]. This
method treated the crack as a completely separate geometric entity where the only
interaction with the mesh occurred when selecting enriched nodes. An analysis of the
stress field in front of the crack using the finite element method was performed to
examine whether the state of stress prior to the crack growth can predetermine the
way it would grow.
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The numerical simulation of crack growth performed involves incremental crack
extension analysis which is used to predict the crack growth path [53, 95-102].
Initially, cracks are defined and a stress analysis is conducted. Stress intensity factors
are evaluated along the crack front. The incremental direction along the crack front is
evaluated by one of the crack growth criteria described before, involving the stress
intensity factors as prime parameters of fracture mechanics. The maximum
incremental size for each increment is predefined and the incremental size along the
front is subsequently determined by a formula based on either the minimum strain
energy density criterion or Paris’ law, together with the maximum incremental size.
The incremental part of the crack is constructed using the incremental direction and
size in the form of piecewise surfaces, which vary linearly along the direction of
crack growth and have a quadratic variation along the crack front. The next
analytical cycle is carried out for the new configuration after the boundary mesh has
been modified. The above incremental analysis can be performed until the predefined
crack length is reached, or the stress intensity factors calculated have exceeded the
fracture toughness of the material under consideration [103-106].
The numerical simulation of crack growth requires an incremental crack extension
analysis. For each increment of crack extension, the new configuration is analysed
and stress intensity factors or equivalent fracture mechanic parameters, such as the
strain energy release rate, are evaluated. The crack path is predicted on an
incremental basis by criterion defined in terms of the stress intensity factors, or other
fracture mechanic parameters [53, 98]. An intrinsic feature of the finite element
method, common to all these types of domain formulations, is the need for
continuous re-meshing to follow the crack extension. A finite element based
approach to fully automatic crack propagation tracking was presented by CockroftLatham criteria [101]. The procedure combined fully automatic mesh generation with
linear fracture mechanic techniques in finite element code capable of automatically
tracking cracks in two dimensional domains [95]. Crack propagation increment and
direction were predicted using a modified maximum strain energy density criterion
employing the numerical results obtained by meshes of quadratic displacement and
singular crack tip finite elements.
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2.5.2.2 Cohesive crack model
The concept of using a cohesive zone to model stress near the crack tip was
pioneered by Dugdale and Barenblatt in Refs [107-109]. In Dugdale’s model (Figure
2.13), it was assumed that a stress equal to the yield stress of the material acted
uniformly across the cohesive zone. Barenblatt’s model, which was mathematically
similar to Dugdale’s model, assumed that the stress varies across the cohesive zone
acted as a function of the cohesive crack width. It was found that these geometrical
smoothing techniques were far superior to other schemes.

Figure 2.13 Dugdale’s plastic zone model [109].
Two evolutionary search methods capable of finding the global optimum were
implemented for parameter identification [110]. The results generated by the
evolutionary search techniques confirmed the reliability of the solutions identified by
the best non-linear programming algorithm. The energy is required to create new
surface area, which can be obtained by the energy released by the elastic system in
deforming to the new configuration, and fracture ultimately occurs in shear bands.

2.6

The evolution of rolled microstructure

During hot rolling, the material is simultaneously compressed in its thickness and
elongated in the rolling direction. As the strip is deformed, the density increases, the
material hardens, whilst energy is stored in the steel due to the accumulated strain
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around the newly created defects at an elevated temperature. The density is only
reduced a little during recovery and the accumulated energy will induce the
nucleation of new grains in the remaining zones of high dislocation concentration
[7]. New grains are created by the reorganisation of dislocations into grains with high
angle boundaries. The size of the newly formed grains will increase over time but
tends to approach a size limit because the mobility of the boundaries decreases with
increasing disorientation [8-11]. The structure is then fully recrystallised when the
grains driven by the accumulated strain energy have achieved their size limit.
Nevertheless, because of the high atomic mobility at high temperatures, those grains
can continue to grow by a reduction in the energy occurring when the area of the
grain boundary is reduced. Thermodynamically it is at a higher energy level and in a
non-equilibrium state when a metal is deformed. It tends to return to equilibrium by
lowering its free energy while decreasing the density of any defects through
restoration processes such as dynamic recovery, static recovery and static
recrystallisation [7-9]. Microstructure variations during hot rolling are shown
schematically in Figure 2.14.

Figure 2.14 Microstructure variations during hot rolling [12].
Ferritic rolling is situated between the cold and hot rolling and corresponds to a
temperature range in which, after plastic deformation, the material is partially strain
hardened and partially recrystallised with almost completely transformed austenite
microstructure. Ferritic rolling can be a low cost method of producing steel products
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using a low temperature rolling schedule. The economical advantages related to
ferritic rolling at a hot strip mill are numerous and quite large. There are energy
savings derived from a low reheating temperature, less oxidation in the reheating
furnace, the possibility of combining ferritic rolling with hot charging, and even with
direct rolling, including thin slab casting, less intermediate roll changes, better strip
flatness by rolling and cooling on a pre-transformed and homogeneous
microstructure, and no metallurgical limitations when hot rolling of thin gauge strip
[7, 9-12].

Understanding of metal behaviour during ferritic rolling is vital important in
designing a proper rolling layout. In order to achieve high mechanical properties, soft
steels are usually hot rolled in austenite whilst maintaining a finishing temperature
above the austenite-ferrite phase transformation temperature [10, 11]. Currently, steel
industries are greatly interested in ferritic rolling due to better properties and lower
cost of finished products. Particular attention was paid to the nature and intensity of
the in-grain shear bands produced. Differences in the frequency and intensity of the
shear band are explained in terms of the dynamic strain ageing of various materials
[13-16]. The dynamic recrystallisation in ferritic iron was confirmed in ultra-low
carbon steel at ferritic working temperatures deformed to large strains [14]. It
appears that the extreme refinement of ferrite is due to the formation of extensive
high angle intragranular defects at these low deformation temperatures that then act
as sites for static transformation [12, 16-18].

2.7

Research on rolling friction and surface roughness

Rolling friction and surface roughness are important parameters in cold rolling, and
influence the quality of rolled strip.
Friction is the force resisting the relative motion of the roll and rolled strip. It plays
an important role in determining the rolling mechanics and deformation in the strip.
The cold rolling of thin strip will result in new problems such as the shape of the
strip and accuracy of its thickness. This may relate to friction in the roll bite. Friction
influences the cold rolling process which is relevant to the process parameters such
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as the roughness of the roll, viscosity of the lubricant, and rolling speed [19-25]. It is
a challenge for researchers and manufacturers to overcome these problems both in
theory and in practice [23].
Lubrication affects the separating force and coefficient of friction during cold rolling
[26], and the contact between the roll and the rolled strip. Lubricating regimes in
metal forming processes include hydrodynamic, mixed, and boundary ones. Cold,
flat rolling is usually carried out in either the boundary or mixed regimes in which
some metal-to-metal contact occurs, in addition to pockets of the lubricant,
separating the roll and the rolled metal [5, 20-22]. Controlling friction in these two
regimes is paramount and is achieved by choosing the appropriate boundary
additives.

(a) Primary-scale combined roll and strip longitudinal roughness; (b) An enlarged
view of the secondary-scale transverse roughness on the tool
Figure 2.15 Schematic of the idealised roughness geometry in the contact [20].
An understanding of the factors affecting the transformation of surface roughness
provides a good foundation for controlling the quality of the strip. The surface
roughness of the roll and the strip can influence each other along the rolling direction
[26-31]. Surface of rolled strip interacts with the hydrodynamics of the fluid film,
and rougher surface leads to very high local contact pressures near the tip of the
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asperity regions where the fluid film is not thick enough to completely separate the
contacting surfaces [19-22]. The surface topography during cold rolling is divided
into two components [19] primary-scale roughness and secondary-scale roughness,
as illustrated in Figure 2.15 (a) and (b), respectively. At the primary roughness scale,
the evolution of the asperity contact area is associated with the asperity flattening
process and hydrodynamic entrainment between the surfaces of the roll and the strip.
The coefficient of friction on the asperity contacts is related to a theoretical film of
oil and secondary-scale roughness of the roll [28-30]. The boundary coefficient of
friction at the true asperity contacts is associated with tribo-chemical reactions
between fresh metal, metal oxide, boundary additives, the tool, and any transfer layer
on the tool [19-20, 25].
Numerical studies have been carried out to analyse cold strip rolling, and the
simulation results show that the friction in both directions has a significant effect on
the rolling mechanics, and the shape and profile of the strip [21, 28, 31]. Variations
in transverse friction affect the strip edge drop, but any variation in friction along the
rolling direction may affect the central and edge buckles of the strip [5, 28-34].
Researchers have proposed a model for the flattening of asperities on the surface of a
sheet undergoing plastic deformation. The strain rate components in the plane of the
sheet were deemed to be independent of normal pressure, and can then be used to
model the evolution of the contact area fraction [27, 30].

2.8

Crack research during metal forming

A variety of problems in rolling that lead to specific defects can arise, depending on
the interaction of the plastically deformed workpiece with the elastically deforming
rolls and rolling mill. Consistent problems with shape and flatness are brought about
by inhomogeneities in deformation in the rolling direction of the rolled strip, which
results in the occurrence of edge crack [7-9, 47, 107, 123-126].
Edge cracking in rolling is first manifested as small cracks which may propagate
across the strip in subsequent passes until as much as 40% of the total width of the
metal is affected [3, 92, 111-117]. The microscopic features which characterise the
process of edge cracking during cold rolling are (1) the appearance of small cracks
34

CHAPTER 2 LITERATURE REVIEW AND SCOPE OF WORK
on the edge of the rolled steel strip, and (2) the growth of a number of these smaller
cracks and their transverse propagation into the bulk of the material [1]. This
cracking is related to the local stress-strain states on the edges and the evolving
formability of the edge [84, 118-122].
2.8.1 Effect of work roll
During rolling, rolls are over cambered [88, 97, 103], as shown in Figure 2.16(a).
Compression at the centreline and tension on the edges may cause edge cracking,
lengthwise splitting, and a central wavy.

Figure 2.16 Effects of over-chambering (a), central wavy (b), central splitting (c),
edge cracking (d), and residual stresses (e) [97].
There are large economic incentives for proper cambering, in addition to assuring
flatness and freedom from cracks. In most metal forming operations, formability is
limited by ductile fracture. Figure 2.16 (b) to (e) are rolling defects due to the
cambered work roll, such as central wavy, centre splitting, edge cracking, and
residual stresses, respectively.

2.8.2

Effect of rolling condition

In-homogeneity is shown to decrease with a reduction in friction, but under very
light reductions in thickness, in-homogeneity was evident even with the best
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lubricant [1-3, 47, 124-126]. At high values of the ratio of contact arc length to strip
thickness, deformation became homogeneous irrespective of the lubricant used.
Deformation can be inhomogeneous even in the rolling of very thin strip, as the pass
reduction (or the ratio of contact arc length to strip thickness) is small. This condition
is intentionally induced when temper rolling steel. The homogeneity of deformation
also affects the location at which new surfaces are generated. The absolute increase
in surface area is a function of pass reduction only, thus, if a 50% reduction is taken,
half the surface is old and half is virgin metal. In well lubricated rolling sliding
friction predominates. Figure 2.17 shows the effect of lubrication on the inhomogeneity of deformation.

Figure 2.17 Effect of lubrication on the in-homogeneity of deformation [97].
Since cracking is basically a ductile fracture, the main cause of such a problem could
be poor initial workability of the rolled material, which is largely determined by its
material composition and the initial microstructure such as grain size and banding,
which depends on rolling process. Processing conditions settings may initiate or
reduce cracks depending on workability [1-3]. Light reductions can be beneficial
during first passes to close the crack bottom rapidly, and heavy reductions in the
following passes to close the upper part of the crack. Researchers have done work on
the crack in hot and cold rolling [47, 95, 124-126]. Analysis and prevention of cracks
were investigated when casting stainless steel strip where inhomogeneous
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solidification of the cast strips resulted in cracking during strip casting [112]. The
number and size of cracks were considerably reduced by distributing the depressions
finely and evenly over the cast strip surface and by treating the rolls to provide
intentional roughness.
The occurrence mechanism and method of preventing micro cracks during tandem
cold rolling have been studied [84]. An embrittled hardened layer is non-uniformly
formed in the roll bite. The hardened surface layer does not elongate fast enough to
follow the interstand tension or rolling operation in later stand, resulting in the
occurrence of micro cracks. Lowering the coefficient of friction helps prevent micro
cracks. The higher the volume of ferrite, the longer the edge crack [70]. A systematic
variation of the geometry data enables the topology of initial slab corner cracks to be
identified from edge defects detected after hot rolling [112].
2.8.3

Effect of microstructure

Microstructure influences the material properties, and then influences the formability
of the rolled strip. Han et al. [47] presented the analysis of edge cracking
phenomenon when hot rolling of non-oriented electrical steel sheets. In order to
prevent the edge from cracking, minimising the iron oxides and having highly
elongated grains in the edge region, and controlling the spaces between the steel
sheets and side guide rolls were suggested.

Figure 2.18 Sketch of edge cracks [47].
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Figure 2.19 Optical micrograph of the edge crack region [47].
Figures 2.18 and 2.19 show the sketch of edge cracks and an optical micrograph of
the edge crack region. The microstructure (Figure 2.19) of the edge-cracked region
reveals the presence of various iron oxides, from which cracks initiate. These cracks
proceed to cause inter-granular or cleavage fracture.
2.8.4

FE simulation

The FEM has become one of the most import tools for researching the strip rolling
process [28, 89-91]. It can solve static and dynamic problems, and therefore can be
used for nearly every aspect of hot and cold rolling. A three dimensional rigid-plastic
FEM model was proposed to simulate the cold rolling of thin strip [28].
The phenomenon of ductile fracture when cold rolling metals and alloys is
complicated. It depends on macroscopic factors such as roll geometry, rolling speed,
and reduction ratio or pass schedule, lubrication or friction, alloy and temper, and
mechanical properties, as well as microscopic factors such as microstructure and
surface micro-topography.
After each pass the element structure was made narrower to keep the structure stable
[124, 125]. The effects of friction, roll radius, rolling schedules, and crack depth
were investigated. The cracked surfaces were furnished with five nodes. A schematic
picture of the crack after some deformation, together with notations, is shown in
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Figure 2.20. Small elements were used for regions surrounding the crack in order to
improve the accuracy of the simulated result.

Figure 2.20 The position of nodes on the crack surface.
A crack tip is the end point of two intersecting lines. In reality, the tip region is
irregular and highly influenced by material in-homogeneity and imperfection at the
microscope level. Three rolling schedules have been studied as shown in Table 2.2.
Table 2.2 Rolling schedules
Series

Initial slab thickness(mm)

Rolling schedules (mm)

Series 1

220

205-190-175-160-145-130-115-100-8560-45-30

Series 2

220

190-160-130-100-75-50-30

Series 3

220

175-130-85-50-30

Figure 2.21 The influence of rolling schedule on crack width and crack depth [124].
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Figure 2.22 The influence of rolling schedule on top crack angle and bottom crack
angle [124].
Series 1 was built on a lighter reduction/pass and series 3 on heavier ones. The
schedules were chosen so that comparisons between the crack geometries should be
possible to make up for different heights in the workpiece. The influences of rolling
schedules are shown in Figures 2.21 and 2.22. From Figure 2.21, it becomes clear
that light reductions are more beneficial and result in a large increase in crack width
w and a heavier decrease in crack depth h. Both the bottom crack angle and the top
crack angle reached 180° for small reductions, as shown in Figure 2.22. Longitudinal
surface cracks are often found on continuously thin strip during cold rolling.
Compared to transversal cracks, longitudinal cracks are usually deeper. Often they
are located in regions close to the central line of the thin strip surface. The cracks are
formed because of transverse tensile stresses caused by non-homogenous cooling
during cold rolling. No theoretical work dealing with the behaviour of longitudinal
cracks during cold rolling has been found, neither has there been any focus on edge
cracking when cold rolling of thin strip.

2.9

Problems and findings from the literature review

There are many models and criteria for the formation of ductile cracks that have
already been proposed. The ability to predict ductile fracture reduces problems in
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existing metal forming processes and enables early modifications to production by
increasing the workability of the material. No general theoretical means of predicting
when this type of edge crack might occur has been advanced, and the successful
avoidance of edge crack has been largely a matter of empirical practice.
Little research has been done to evaluate the edge cracking in cold rolling under
applied deformation with evolving microstructure and rolling deformation. Although
crack initiation has been widely studied and mentioned in countless papers,
references are but few and mathematical models giving a quantitative estimation of
the loading to a certain crack length within the initiation are nonexistent. Most of the
published results are limited to qualitative observations of crack initiation and the
micro-crack nucleation process such as the crack initiation sites (either on grain
boundaries or inside the grain). Without a clear definition of the initial crack length,
it is impossible to compare crack initiation and draw correct conclusions of their
initiation and propagation. Whether a crack will propagate at the same rate as another
and in the same pattern depends on whether it satisfies all the similitude conditions.
None of the existing models describing crack propagation are considered as being
entirely satisfactory because they only account for one or two factors, or have no
solid physical basis. The present study is concerned with micro-structural analyses to
identify the cracking mechanisms involved in edge cracking when cold rolling of low
carbon steel, especially thin strip. Cold rolling conditions are suggested to prevent or
minimise edge cracking based on the microstructural analyses of the edge-cracked
region.

2.10 Research scope in the present study
In this study, the relationship between the ferritic microstructure rolling and edge
cracks, will be investigated. Physical simulations will be conducted on a rolling mill
to generate samples with various microstructures, including ferritic microstructure.
The relationship between the strip microstructure and strip edge deformation will be
obtained. In addition, the effects of the rolling parameters on edge crack must be
identified, although as mentioned above, there are problems throughout the field of
edge crack studies, the most difficult being crack initiation. The objective of this
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research is to reduce or eliminate edge crack defects through an advanced predictive
modelling approach to process mechanics that can design the deterministic
parameters and probabilistic parameters, and suggest corrective changes when cold
rolling of thin strip. This research is also to develop computational models for edge
cracking, find the input-output relationships for edge defects, and identify the process
parameters that cause the defects. It will also focus on the mechanics of edge crack
generation and propagation during cold strip rolling.
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EXPERIMENTAL INSTRUMENTS AND METHODOLOGY

3.1

Introduction

A Hille-100 rolling mill was used to carry out single and multi-pass rolling to obtain
information on the evolution of edge crack when cold rolling of thin strip. Several
experimental facilities were used to investigate the evolution of edge cracking in thin
strips of low carbon steel. These instruments include the atomic force microscopes
(AFMs) produced by Digital Instruments and the Hille-100 Experimental rolling
mill. Scanning Electronic Microscopy (SEM) was also used to characterise the
morphology of edge cracks. The surface profile Hommel Tester T1000 was used to
analyse the surface roughness of samples of hot rolled and cold rolled strips, and the
Hommel T1000 can measure the periphery of a roll within 0.01 µm.
In this chapter, the equipments used in the study are described. The methodology of
this study will be explained as three principal experiments involving hot rolling,
ferritic rolling, and cold rolling tests. It is common knowledge that factors such as
the microstructure, local stress state, loading condition, and environment affect the
edge cracking characteristics of rolled strip. A ductile edge crack is always a
possibility with thin strip, and this kind of crack that begins in the rolled strip is
determined by the amount of energy required to initiate them, geometry and
microstructure.
3.2

Experimental equipment

3.2.1

Hille-100 experimental mill system

a) Hille-100 experimental rolling mill
Cold rolling experiments were carried out at the UOW on a 2-high and 4-high Hille100 experimental rolling mill. The rolls are 225 mm diameter by 254 mm wide (243
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high), and the work rolls are 63 mm diameter by 250 mm wide (4-high). The rolling
mill is driven by a 56 kW motor at a rolling speed up to around 60rpm, with a
maximum load of 1000 kN and a torque of 12.7 kN·m. The screw down drive is
electrically and manually transmitted via two worm gear drives connected to the
bearing blocks of the upper roll. It is equipped with two 100 tonne load cells to
determine the rolling force, and two torque gauges on the two shafts to measure
individual roll torque. Two position transducers are used to control the roll gap.
There are two optical pyrometers mounted at the entry and exit of the roll bite
respectively for monitoring the surface temperature. A hydraulic Automatic Gauge
Control (AGC) is available on the Hille 100 experimental rolling mill. Its maximum
sampling rate is 250 k/s, and the roll surface roughness is Ra = 0.2 μm. Figure 3.1
shows the Hille 100 experimental mill.

Figure 3.1 Hille 100 experimental mills.

b) Interface software
Figure 3.2 shows a control stage view of the rolling mill. Based on the Matlab/xpc
technology, the program runs under the environment with a Host Personal Computer
(PC) and a Target PC, which communicates with each other by TCP/IP protocol. The
main interface of this program is shown in Figure 3.3, and the buttons include start,
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stop, unload, quit and so on. Figure 3.4 shows the graphical user interface for
plotting where the user can choose some parameters to plot. An example for rolling
force is shown in Figure 3.5.

Figure 3.2 Control stage.

Figure 3.3 Main interface of the program.
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Figure 3.4 Graphical user interface for plotting.

Figure 3.5 Rolling force in plotting.

3.2.2

SEM and AFM

(a) AFM measurement
A Multi-Mode Scanning Probe Microscope (SPM) from Digital Instrument operating
in control AFM mode (Nanoscope IIIA AFM) was used to obtain topographic
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images of the surfaces of the workpiece. Contact mode AFM operates by scanning a
tip attached to the end of a cantilever across the workpiece surface while monitoring
the change in cantilever deflection with a split photodiode detector. The tip contacts
the surface through the adsorbed fluid layer on the workpiece surface. Force
constants usually range from 0.01 to 1.0 N/m, resulting in forces ranging from nN to
µN in an ambient atmosphere.
Characteristics of the standard silicon nitride probes are listed below:
Table 3.1 Characteristics of the standard silicon nitride probes
Items

Parameter values

Nominal Tip Radius of Curvature

20-60 nm

Cantilever Lengths

100 & 200 µm

Cantilever Configuration

V-shaped

Sidewall angles

35°

Figure 3.6 illustrates the design of the probes and its four silicon nitride cantilevers.
It shows there are 4 cantilevers with different geometries attached to each substrate,
resulting in 4 different spring constants.

Figure 3.6 Design of the probes and its four silicon nitride cantilevers.

(b) SEM measurement
The JSM-6490LV is a high performance, scanning electron microscope with a high
resolution of 3.0nm. It is used to analyse the microstructure of rolled strip. The low
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vacuum mode, which may easily be accessed through the microscope’s inbuilt
computer technology, allows for observation of specimens which cannot be viewed
in high vacuums due to excessive water content or a non-conductive surface. Its
asynchronous five-axis mechanically eccentric stage with concentric rotation and tilt
can accommodate a specimen of up to 203.2 mm in diameter. Standard automated
features include Auto Focus/Auto Stigmator, Auto Gun (saturation, bias and
alignment), and Automatic Contrast and Brightness. It can also be expanded to an
analytical SEM by the addition of optional EDS, WDS or EBSD. This scanning
electron microscope ability is able to magnify in excess of 200,000 which translate to
a resolution of 3.5 nm at an accelerating voltage of 30 KV.
3.2.3

2D Profile meter

The Hommel Tester T1000 is a modern, easy to handle, portable instrument. It can
characterise the periphery of a rolled strip surface with a resolution of 0.01 μm. A
number of standard surface roughness parameters (

,

,

,

,

) are available

for determining the magnitude of surface flaws and characterising the surface profile.
These can be calculated from the unfiltered measured profile, the filtered roughness
profile, or the filtered waviness profile, depending on the type of parameter
measured. This instrument is shown in Figure 3.7.

Figure 3.7 Hommel Tester I1000 instrument: an outline of the profile meter.
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The Hommel Tester T1000 can carry out profile measurements from 80 to 320 μm.
Its tip radius is 5 μm at an angle 90°. When measurements are taken using this
instrument the engaging force is 0.8 mN. When carrying out surface roughness tests,
5 points were measured on each sample with the tip kept vertical to the rolling
direction.
3.2.4

Indentation instrument

The nano-indentation instrument is shown in Figure 3.8. The IBIS nano-indentation
system is designed to impart a controlled load to a precisely shaped indenter in
contact with the specimen surface. The mechanical response of the material is
measured via force and displacement sensors in the form of a “load-displacement
curve”. Analysis of this curve yields a vast amount of information about the sample,
including hardness, elastic modulus, creep, and in some cases, fracture toughness.
The range and resolution of the actuator, force, and displacement sensors are very
small (in the mN and μm range with nN and nm resolution respectively).

Figure 3.8 Nano-indentation instrument.
The minute size of the impression made on the surface enables the measurement of
mechanical properties of materials to be made on a very local scale. The technique is
also useful for tests on specimens which cannot be destructively tested, such as the
following:
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•

Nano-indentation head. Various load ranges available from 10 mN up to
5 N;

•

Automatic motorised Z approach capable of testing specimens of
different heights, 45 mm Z range with repositionable head;

3.2.5

•

XY closed loop motorised sample stage with 0.25 μm accuracy, and

•

Magnetic and mechanical sample mount plate.

Temperature measurement

Figure 3.9 shows the temperature measurement equipment. The Raytek 3i 2MSC of
this instrument is a portable infrared temperature measurement device. Each model is
rugged and easy to use for fast, non-contact, non-destructive temperature
measurements from 200 to 1800 °C. The optical resolution is 90:1 and the spectral
range is 1.6 μm.

Figure 3.9 Infrared thermometer.
3.2.6

Cooling furnace

Figure 3.10 shows the cooling furnace. It can be heated to the temperature required
for hot rolled strip. After that the samples are cooled naturally, similar to the coiling
process.

50

CHAPTER 3 EXPERIMENTAL INSTRUMENTS AND METHODOLOGY

Figure 3.10 Cooling furnace.
3.3
3.3.1

Experimental study of rolling parameters on edge crack
Purpose of experiment

Cracks in cold rolled products reduce material mechanical properties, and cracks are
the main reason for the rejected products and substandard products manufactured
from steel strips. In practice, strip edges which have cracks affect the quality and
productivity of thin strip significantly. For these reasons, the rolling experiments in
this study were conducted on the Hille 100 experimental rolling mill with
photographs used to examine the edge crack phenomenon of carbon steel strip during
cold rolling. Edge crack transformation was examined by comparing the evolution of
edge cracking before and after each rolling pass. In these tests, the effects of pass
reductions, speeds, lubrication, and the initial edge quality were studied individually.
Previous experiments/studies [1-3] revealed that poorly trimmed surfaces are
connected with edge defects during cold rolling and the quality of trimmed edges are
related to edge cracking. These studies have shown the causes for edge cracks. One
is due to material properties and the other is material processing. These two reasons
provided guidance for this experiment, and the research has therefore focused on the
effects of technical conditions on edge cracks, including the distribution of pass
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reduction, rolling speed, strip edge drop and the behaviour of cut-to-break ratio of
trimmed edge on edge cracks during cold strip rolling, in order to examine its
evolution. Different features of the trimmed edges were examined to identify the
actual point where the edges began to crack.
3.3.2

Materials

The experimental material was 2 mm thick low carbon steel provided by BlueScope
Steel. Edge-trimmed hot-rolled samples were collected from their production line for
cold rolling on the Hille 100 experimental rolling mill. These hot-rolled strips were
cut into 100 mm wide by 400 mm long pieces, and the experiments included the
effects of newly trimmed or worn trimmed (old) edges. The chemical composition of
the low carbon steel is shown in Table 3.2.
Table 3.2 Chemical composition of the low carbon steel (wt%)
C

Si

Mn

P

S

0.05-0.06

≤0.03

0.25-0.40

≤0.008

≤0.003

3.3.3

Experimental methodology

A series of cold rolling tests were carried out under different rolling conditions to
examine rolling pass parameters such as reduction, rolling speed, and lubrication on
the evolution of edge crack. The initial state of the rolled strip was also considered
during cold rolling.
i)

The material underwent 9 passes to reduce the overall thickness of the
strips by 90 %. The pass reduction range is 10 – 40 %;

ii)

In order to examine the evolution of different features of the trimmed
edges and identify the point where the edges began to crack, the samples
were tested in four groups. The effects of reduction, rolling speed, and
quality of the trimmed edge on edge cracks were then taken into account;

iii)

After each pass a sample was collected for further analysis. A
microscopic analysis of the cold-rolled samples was conducted on the
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Optical Microscope by taking a series of photographs, including the side,
top, bottom and cross-sectional views, using the AFM and SEM as well.

3.4

Experimental study of microstructure on edge crack

3.4.1

Sample preparation

The steels used for this investigation were 5 and 6 mm thick industrial hot rolled low
carbon steel which was cut directly from a steel strip produced from a hot strip mill.
The microstructure development in a low carbon steel during ferritic rolling in a
single pass at five different temperatures and at two different cooling conditions were
studied and parameters such as the reduction, cooling, and rolling speeds were
investigated. These hot-rolled strips were cut into 50 mm wide by 400 mm long.

The final microstructure was revealed by nital etch as 2% and metallographic
observations were made using an optical microscope at a magnification 200 on flat
sections transverse to the rolling direction. Ferrite size grain and volume fractions
were determined using the image analyser software and ASTM Standards.
3.4.2

Hot rolling and ferritic rolling experiment

The purpose of the hot rolling and ferritic rolling was to prepare the samples with
various microstructures for further cold rolling. In order to understand the effect of
ferritic rolled microstructure on the initiation and propagation of edge cracks during
cold rolling of thin strip, the changes in their microstructure were investigated during
hot rolling of low carbon steel. Physical simulation was conducted on the rolling mill
to generate samples with various microstructures. The rolling schedule to produce a
suitable microstructure was proposed and is listed below:


rolling temperature from 750-900 °C;



reduction: 50 % or 60 %;



rolling speed: 15 rpm or 30 rpm;



cooling condition: air cooling or furnace cooling; and
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rolling experiments were carried out on a 2-high Hille 100 experimental
rolling mill.

Figure 3.11 Schematic illustration of rolling conditions for low carbon steel.

A schematic illustration of rolling conditions is shown in Figure 3.11. After the
samples were homogenised by heating to 930 °C for 25 min (austenitic region), they
were then rolled at five different rolling temperatures (900, 860, 810, 775 and 750°C)
into 2 mm thick sheets.

Figure 3.12 Workpieces after hot rolling.
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The rolling temperatures were selected so they fell within the complete ferritic
rolling microstructure region and the hot rolling microstructure region [7-12]. The
deformation shown in the samples after every pass at each temperature was 50 or 60
% (depending on their initial thickness). After rolling every sample was either air
cooled or furnace cooled (low cooling speed) to room temperature. Their
microstructures were then examined by optical microscopy. Figure 3.12 shows the
workpieces after hot rolling.
3.4.3 Experiment results of microstructure
3.4.3.1 Rolled microstructure under different temperatures
Optical micrographs of the rolled steel sheets below 860 and 900 °C, corresponding
to the temperature in the austenite region, are shown in Figure 3.13.

(a)

(b)

(a) Reduction: 50.51%, rolling temperature: 860°C, rolling speed: 15rpm;
(b) Reduction: 62.1%, rolling temperature: 900°C, rolling speed: 30rpm.
(ND: Normal direction; TD: Transversal direction)

Figure 3.13 Rolled microstructure under 860 and 900 °C.
After deformation of austenite and subsequent continuous cooling, colonies of
lameller pearlite located at the grain boundaries were observed, as well as preeutectoid ferrite, which has obvious rolling orientation. The microstructure of the
material taken when it was hot rolled contained a lot of recrystallised equiaxed ferrite
and lameller pearlite, and after its subsequent cooling the recrystallised austenite was
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transformed into fine ferrite. Well equiaxed grains shown in the microstructure
illustrate dynamic recrystallisation stemming from the high rolling temperature.
Figure 3.14 shows the rolled microstructure under 810 °C. Two different cooling
strategies were adopted after rolling (air cooling in Figure 3.14 (a), and furnace
cooling in Figure 3.14 (b)). The rolling was conducted mainly in the ferrite regions.
Under a higher reduction of the thin strip, recrystallisation and recovery of ferrite
were seen to result in the formation of polygonal ferrite grain and a classic ferrite
microstructure.

(a)

(a) Air cooling

(b)

(b) Furnace cooling

Figure 3.14 Rolled microstructure under 810 °C.
In Figure 3.14(a), the microstructure is a mixture of deformed ferrite and partly
recrystallised with recovery polygonal ferrite due to subsequent air cooling, with a
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3.65 % proportion of pearlite. Figure 3.14(b) shows that during relatively slow
cooling, static recovery occurred in the furnace cooling process with just a little static
recrystallisation. It appears that a high content of pearlite will appear during furnace
cooling, up to 4.52 %. This is due to a sufficient transformation of the remaining
austenite under a lower cooling speed and heavier reduction. The recrystallised grain
in the ferrite region after ferrite rolling is shown to be of a more homogenous
distribution. Rolling at 810 °C can generate a ferritic rolled microstructure with ~50
% growth in grain during air cooling and a ferritic rolled microstructure with 100%
growth in grain with furnace cooling. In furnace cooling the grain between the centre
and the edges is uniform because the cooling rate is even over the rolled plates.

(a)

(a) 775 °C

(b)

(b) 750 °C
Figure 3.15 Rolled microstructure under 775 and 750 °C.
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Micro-structural observations indicate that deformed and elongated ferritic grains
with a mixture of some equiaxed ferritic and pearlitic microstructures are
characterised by a homogenously distributed ferrite matrix formed during rolling
under 775 and 750 °C. These microstructures are typical of the warm rolled
microstructure shown in Figure 3.15(a) and (b). The polygonisation of ferrite is not
enough compared with the rolling under 810 °C due to a low rolling temperature and
limited recrystallisation and grain growth of ferrite.
In Figure 3.15 (a) and (b), the boundaries of ferrite grain are clearly visible and it
appears that ferritic rolling has changed their shape greatly, which increased the total
grain boundary area. It also appears that the new grain boundary area has creased
because of the dislocations which were continuously generated. This increase in area
occurred because the ferrite was deforming and work hardening without significant
recrystallisation, and the ferritic grains have transformed their polygonal shape to an
elongated shape (physically compression).
3.4.3.2 Analysis and discussion
Figure 3.16 shows the rolled surface microstructure under 775 and 860 °C, and the
grain size of the central and surface parts.

(a)

(a) Surface microstructure under 775 °C

(b)

(b) Surface microstructure under 860 °C

Figure 3.16 Analysis of ferritic grain size in surface and central positions.
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The grain size of rolled strip is different from the centre to the surface of the rolled
strip under 860 °C (as shown in Figure 3.16(b)). This condition is mainly attributed
to different rates of cooling through the thickness of the strip during rolling and
subsequent cooling. The grain at the edge is finer and the grain in the centre is
coarser.
Table 3.3 Grain size of centre and surface parts, proportion of pearlite
Rolling temperature

Horizontal grain size

Surface grain size level

Proportion of pearlite

(°C)

level

(horizontal direction)

%

775

8.8

8.6

3.79

860

8.9

10.3

1.76

The proportion of pearlite in the sample is listed in Table 3.3. The table indicates
there is not much difference in grain size between the central and surface areas at 775
°C. Therefore, the cooling rate has almost no effect on the microstructure because the
rolling temperatures were lower.

(a) 750°C

(b) Grain size variation with different rolling temperature

Figure 3.17 Grain size analysis with variation of rolling temperatures.
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Figure 3.17(a) shows the frequency of different grain sizes under 750 °C. It can be
seen that most grains are between 15-20 μm. The grain content for different rolling
temperatures is shown in Figure 3.17(b), with most concentrated from 10 to 20 μm.
With a decrease in rolling temperature from 900 to 750 °C, however, the ferrite grain
became markedly coarser. When the rolling temperature is lower than Ar3
temperature at which austenite begins to transform to ferrite, the microstructure in
the two phase region of ferrite and austenite, just after rolling, consists of deformed
ferrite and austenite grains. The deformed austenite grains immediately transform
into strain-free ferrite grains which grow into the surrounding deformed ferrite grains
during cooling, leading to a coarse grained microstructure.

(a) Mean size under different reductions

(b) Under different strip positions

Figure 3.18 Mean grain size with rolling temperature and strip positions.
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Figure 3.18 shows the change in the mean grain size with different reduction and
strip positions. The constituent part of coarse grain was significantly higher at a
lower rolling reduction than at a higher rolling reduction (see Figure 3.18(a)). In
Figure 3.18(a), the ferrite grains were smaller than when under a reduction of around
50 %. This was due to a heavy reduction causing the austenite to recrystallise.
However, the effect of this reduction was not discernable under 775 and 750 °C and
there was no significant difference in the size of the grain between the edge and the
centre. The average sized grain was 20 μm. The grains were smaller at the edge than
that in the centre.
The occurrence of dynamic recrystallisation depends on the rolling temperature. Low
rolling temperatures makes it difficult for pre-eutectoid ferrite to recrystallise
dynamically during subsequent heavy deformation. More typical will be deformed
ferrite with a range of recrystallisation and grain growth depending on its distance
from the rolled edge.
3.4.3.3 Conclusion
In this microstructure preparation experiment, the behaviour of low carbon steel
during ferritic rolling was investigated and the effect of ferrite rolling parameters on
the microstructure of rolled steel was evaluated by rolling experiments and
microstructural studies. The rolling process generated warm rolled microstructures. It
was found that above 860 °C, the ratio of recrystallisation was high. The
microstructure consisted mainly of recrystallised equiaxed ferrite grain, and the
polygonal ferrite had a better shape and belongs to the hot rolled microstructure.
During air cooling, rolling at 810 °C can generate a ferritic microstructure with
~50% grain growth. During furnace cooling, rolling at 810 °C can generate a ferritic
microstructure with 100% grain growth and a large proportion of pearlite. The
microstructure of rolled strip mainly consists of an elongated grain under lower
rolling temperatures, and there is no significant difference in the size of grain
between the edge and the centre of the strip. Reducing the thickness has some effect
when evaluating the microstructure. A temperature range of 775 to 810 °C can
generate a ferritic microstructure during hot rolling, as described above.
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3.4.4

Cold rolling experiment

In order to examine the evolution of strip edge features under different
microstructures and rolling conditions, and to identify the point where edge cracks
begin, several passes were used to reduce the thickness of the strip by over 90 %.
Reduction was set to 30 % for each pass, as shown in Table 3.4.
Table 3.4 Reduction distribution with rolling pass
Rolling pass

Thickness before

Thickness after

Single pass

Overall

No.

rolling (mm)

rolling (mm)

reduction (%)

reduction (%)

1

2.1

1.47

30

30

2

1.47

1.029

30

51

3

1.029

0.720

30

65.7

4

0.72

0.504

30

76

5

0.504

0.353

30

83.2

6

0.353

0.247

30

88.2

7

0.247

0.173

30

91.8

After each pass, a sample was collected for further analysis by optical microphotograph. The effects of initial microstructure, rolling parameters, lubrication, and
edge shape, and edge cracks were obtained. Crack in cold rolling metals and alloys is
a complicated phenomenon. It depends on the roll geometry, rolling speed, reduction
ratio, or pass schedule, lubrication or friction, alloy and temper, and mechanical
properties, the microstructure and surface micro-topography. One of the objectives of
this study is to find the relationship between the formation of edge crack during cold
rolling and the initial rolled microstructures. In order to examine the steel
microstructure and edge crack, optical and scanning electron microscopy (SEM)
were employed.

3.5

Summary

In this chapter the instruments and methodology used for the experiments are
described and samples with various microstructures were obtained. Detailed
experimental results will be further discussed in the following chapters.
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CHAPTER 4

ANALYSIS OF ROLLING PARAMETERS AND EDGE STATE ON EDGE
CRACKS

4.1

Introduction

Edge crack defects are undesirable not only because of their surface appearance, but
also because they may adversely affect the strength, formability, and other
manufacturing characteristics of the material. As indicated in Chapter 2, edge
cracking is an important consideration when investigating the quality of rolled strip.
Investigations into the evolution of edge cracks were carried out by studying how
rolling conditions and the initial quality of the strip edge affected edge cracks
because it was thought that a detailed study would provide an understanding of these
defects. The origins of defective edge cracks as proposed in the literature are the
rolling parameters and initial microstructures before cold rolling commenced because
micro cracks are formed along the edges of strip near the entry to the roll bite, and
run perpendicular to the rolling direction [1-3, 47].
Assuming that the edge might experience different deformation during cold rolling
which would lead to edge cracks, this chapter is an attempt at determining the effects
of rolling parameters on edge cracks in cold rolled strips. The previous research
experiments have shown that the edge cracking in rolling was attributed to secondary
tensile stresses induced at the surfaces of the strip from inhomogeneous deformation
[1, 4]. Known factors that influence cracking include roll camber, applied tensions,
frictional conditions, spread, edge shape, and ductility. The onset of cracking in these
processes depends on the inherent ductility of the material and on local stresses
determined by process variables. The general concept of ductility, workability, and
the mechanism of ductile fracture are now introduced, followed by a review of the
parameters that influence edge cracking.
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The results showing the effect of rolling parameters on edge cracks in experiments
were described. The effects of reduction, rolling speed, and the quality of trimmed
edges were taken into account. A microscopic analysis of the cold rolled samples
was conducted on an Optical Microscope by taking a series of photographs,
including the side, top, bottom and cross-sectional views. The experiments were
divided into the following groups:
1)

The effect of different lubricating conditions;

2)

The effect of edge quality; and

3)

The effects of pass reduction, total reduction, and rolling speed.

To quantify the changes to the edge crack, the surface profile Hommel Tester T1000
that can measure the circumference, and an AFM, were used to characterise the
surface roughness after rolling. The effects of friction and surface roughness on the
evolution of edge cracks were examined by AFM, SEM, and numerical calculations.
4.2

Crack evolution

Edge crack in cold rolling is a sort of ductile fracture, where the metal experiences
observable plastic deformation prior to fracture [4, 5]. The ability to stretch without
fracturing is called ductility. Workability is a measure of the extent of deformation
that a material can withstand prior to fracture in metal forming processes, where an
important concern is whether the desired deformation can be accomplished without
ductile fracture of the workpiece. Ductile fracture is a complicated phenomenon that
is dependent upon process parameters such as stress, strain, strain rate, friction, and
forming temperature, as well as upon influential material parameters such as the
strain hardening and the volume fraction of voids and second-phase particles.
Various processing parameters leading to edge cracking are described, along with a
study on how these parameters affect the evolution of edge cracking.
4.2.1

Rolling force and torque during cold rolling

The values of rolling force and torque recorded in the experiment are plotted in
Figure 4.1 as a function of rolling pass.
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Figure 4.1 Relationship between reduction and rolling force or torque.
The forces and torques were recorded at uniform intervals of 0.025 seconds during
the steady-state phase of each experiment. It indicates that the torque fluctuated
widely, probably due to stick slip conditions at the roll interface and surface
conditions on the workpiece that were not uniform.
The rolling force and torque varied with each pass and reduction, under rolling
speeds of 0.24 and 0.18m/s. Under these conditions the rolling force increased when
the cold rolling went from passes 1 to 6. After pass 6 the rolling force varied. As
rolling proceeded, the strip became thinner and the rolling torque decreased. Rolling
torque is a combination of the rolling force and length of the contact arc.
4.2.2

Edge crack variation with rolling procedure

In this experiment the phenomenon of edge cracking was random with respect to
location, depth, and length of the edge.
Figure 4.2 shows the crack initiation (in pass 5) and crack shape after propagation (in
pass 9). These cracks were normally inclined to about 45° to the rolling direction and
were called Model I cracks. Micro-crack initiation in defect free materials at room
temperature was likely related to the slip systems containing localised plastic
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deformation which depends on the structure of crystallites and local stresses. If a slip
band had a favourable orientation and was located in an area of elevated stress, crack
initiation from this slip band became very likely.

(a) Crack initiation (pass 5)

(b) Crack propagation (pass 9)
Figure 4.2 Crack initiation and propagation.
4.2.2.1 Effect of new or worn edge trimmed blade
The effect of a trimmed blade with a new or worn edge on edge cracks in our
experiments is shown in Figure 4.3(a-j) where it can be seen that the crack grew very
fast after pass 6.
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(a) Samples 12E and 122E

(b) Samples 71E and 53E

(Speed: 0.18 m/s)

(Speed: 0.24 m/s)

(c) Samples 12Wand 125W
(Speed: 0.18 m/s)

(d) Samples 74W and 54W
(Speed: 0.24 m/s)

Figure 4.3 Effect of new trimmed edge or worn trimmed edge on edge cracks.
The new or worn trimmed edge affects the extent to which the edge crack will grow.
In this experiment the crack size increased significantly in the break area produced
by the worn trimmed edge, especially after pass 6. From pass 7, the value of edge
crack increased from about 200 μm to above 1200 μm for the worn trimmed edge
(Figure 4.3(d) sample 54W). The big difference between the worn trimmed edge and
the new one reached 300 μm in pass 9 (Figure 4.3(b)), and this result shows that the
surface condition of the break, whether new or old, affects crack growth.
Figure 4.4(a-c) are optical micrographs of a typical view of the effects of a new
trimmed edge or a worn trimmed edge for samples 12E (new trimmed edge) and
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122E (old trimmed edge). It is clear that the edge cracking became significant after
pass 6.

(a) 5th pass of Samples 12E and 122E

(b) 6th pass of Samples 12E and 122E

(c) 7th pass of Samples 12E and 122E
Figure 4.4 Optical micrographs of samples 12E and 122E.
69

CHAPTER 4 ANALYSIS OF ROLLING PARAMETERS AND EDGE STATE ON EDGE CRACKS

4.2.2.2 Influence of rolling speed on edge crack
Figure 4.5 shows the influence of rolling speed on edge crack. Nothing remarkable
happened during passes 1 to 6 but as the number of passes increased, the cracks
extended very quickly with the rolling speed. A higher rolling speed caused a relative
larger edge crack.

(a) Samples 54W and 114W

(b) Samples 53E and 102E

(a) Samples 113W and 83W

(b) Samples 56W and 65W

Figure 4.5 Influence of rolling speed on edge crack.
4.3

Crack analysis and discussion

4.3.1

Introduction

Edge cracking was examined and three causes were outlined [1-3]:
1) Material ductility: the influencing factors include temperature, strain rate,
composition, grain size, non-metallic inclusions, and mechanical treatment;
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2) Variation of stresses across the width of the rolled strip: while plane strain
conditions exist in the central portions, lateral flow is bound to develop near the
edges which results in a gradual drop of pressure towards the edges. This causes the
edges to deform longitudinally and yielding is initiated by a combination of
compressive and secondary tensile stresses which are responsible for edge
deformation and eventual cracking; and
3) Uneven deformation at the edges: when rolling a relatively thick strip with
light reductions, the deformed zone penetrates to a fracture of total thickness. The
surface of the strip deforms in all directions, including laterally, while the width of
the central area remains the same. After further passes the overhanging material is
not compressed directly, it is forced to elongate by the bulk deformation of
neighbouring material. Thus it is subjected to high tensile stress which leads to
cracking in a material with limited ductility. The edges barrel and elongation by the
dragging effect of the bulk of the material causes the edges of material to crack.

Figure 4.6 The stages of edge crack growth.
Edge cracking can be combated by either improving the workability of the material
or changing the process by optimising the ductility of the material by removing or
depleting possible embrittling agents. The rolling schedules should also be adjusted
to ensure that the cross section of the strip remains rectangular. Figure 4.6 shows the
stages of edge crack growth schematically, including crack initiation and crack
propagation.
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4.3.2

Work hardening during cold rolling

Low carbon steels substantially become hard with very little ductility during cold
rolling, which may lead to edge cracking and other defects stemming from low
ductility. Hardness is expected to show a large difference as shown in Figure 4.7,
which is the micro-hardness HV5 across the strip after various rolling passes (pass 3
to pass 5). The hardness of the original steel was also shown. It was observed that the
micro-hardness decreased away from the edge but increased with the number of
rolling passes. During laboratory rolling, the edges of the strip became more work
hardened from pass 4 to pass 5, increasing from 250 to 278 HV5, which was much
higher than the central region. Work hardening will affect the formation of edge
cracks in subsequent passes. Moreover in the hot rolled sample the micro-hardness
was uniform across the width, as indicated in Figure 4.7.

Figure 4.7 Micro-hardness variations with the distance from edge after various
rolling passes.
Hardness correlates with the extent of effective plastic strain. The hardened layer has
definitely become more brittle. In the first stage, as the interface temperature rises
above the critical level during cold rolling, a hard, brittle non-uniform layer is
formed in the roll bite. In stage two this hardened surface layer does not elongate fast
enough to follow the tension or rolling operation, which results in the formation of
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micro cracks. Work hardening is an important factor which causes the occurrence of
edge crack.
4.3.3

Crack tip opening angles

The opening angles of the crack tips (CTOA) were calculated. The value of the
CTOA is high initially but then decreases to an almost constant value. The
measurement of CTOA provides an important method for quantifying the crack tip
opening angle. Figure 4.8 shows the measurement range for critical CTOA values.
That is to use the data from the crack profile to fit lines from the crack tip to pairs of
reference points back from the crack tip. This method uses data from the crack
profile to fit lines that form reference points (from 0.1 to 0.2 mm behind the crack
tip) to pairs of reference points in increments from 0.5 to 1.5 mm behind the crack
tip, where the pairs of points are used to derive a series of CTOA(i ) values as follows:

CTOA(i )

a



di  d0
si

a

(rad )

(4-1)

where d i is the distance between the two points located at the position i, and si is
the distance between two locations i = 0 and i.

Figure 4.8 Measurement range for critical CTOA values.
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Figure 4.9 shows the CTOA variation over rolling passes. It can be seen that the
angle decreases with the number of rolling passes. Furthermore, it verifies that the
crack changes from a V-shaped crack to a Y-shaped crack during cold rolling.

Figure 4.9 Measured CTOA values over rolling passes.

4.3.4 Crack initiation and propagation

Figure 4.10 shows an SEM image of the edge crack after pass 5.

(a) Magnification 30

(b) Magnification 100
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(c) Magnification 200

(d) Magnification 500

Figure 4.10 SEM micrograph after pass 5.
The SEM micrograph after pass 6 is shown in Figure 4.11. In the transverse direction,
the edge cracks extend to the bulk of the strip from the edge.

(a) Magnification 30

(b) Magnification 200
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(c) Magnification 500.

Figure 4.11 SEM micrograph after pass 6.
As discussed before, the edge cracks were inclined at 45° to the transverse direction,
and were propagated into the bulk of the strips. As the thickness of the strip
progressively decreased, the cracks curved around and eventually became parallel to
rolling direction, but they propagated opposite to the rolling direction, as shown in
Figure 4.12. During rolling, the constraint imposed by the work rolls deformed the
bulk of the strip into a plane-strain condition and generated transverse tensile stresses
near the edges. In addition, rolling pushed the cracked sections transversely. These
combined stresses caused the edge cracks to propagate.

Figure 4.12 Crack angle variations to rolling direction.
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4.3.5

Crack distribution and density

The edge cracks produced in the laboratory specimens occurred at random, and as
shown in Figure 4.13, most were less than 4 mm deep. A series of multiple micro
cracks formed initially and their propagation would decelerate or retard after some of
them became longer and wider and formed larger cracks. Stress concentration
generally increased the size and number of edge cracks during rolling while there
were many small ones around the edges of the larger cracks. Relieving the stress on
the large cracks would decrease the energy of edge crack extension, and thus reduce
the forces driving crack propagation in the other minor cracks.

Figure 4.13 Edge cracks distribution after cold rolling.
The experimental observations showed no major edge cracking in low carbon steel
until a total reduction of approximately 85 % was reached, which agreed with the
results of Ref [1]. The maximum reduction in cracking depends on the nature of the
free edge and ductility of the rolled strip.
Tensile stress is the force driving edge cracking, which results directly from the
deformation process or is induced by major deformation from unsupported edges.
The induced longitudinal tensile stresses at the edges are responsible for edge
cracking. The outermost material at the edge is partly uninfluenced by the
compressive forces transmitted by the rolls to the bulk of the strip. Deformation of
this strip edge results from stresses transmitted by the strip. As the strip is extended
in the rolling direction, longitudinal tensile stresses are induced at the edges which
eventually cause edge cracks.
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4.3.6

Summary

Edge cracking in rolling has been attributed to secondary tensile stresses induced at
the rolled strip surfaces by inhomogeneous deformation. Work hardening reduces the
ductility of the rolled strip, and accelerates edge cracking. The large drop in microhardness of rolled strip across its width decreases deformation while increasing the
variation of stresses across the width. Edge cracks are oriented approximately 45° to
the rolling direction where the shear stress is at its maximum value. As the thickness
of the strip decreased, the cracks were found to curve around and be opposite to the
rolling direction. In this study, the critical total reduction for edge cracking of low
carbon steel was around 85 %. Well lubricated rolling results in near homogeneous
deformation during cold rolling and reduces the growth rate of edge cracks. Edge
cracking can be controlled by optimising the ductility of the rolled material and the
deformation conditions to which the study was subjected.

4.4
4.4.1

Effect of some parameters on edge crack
Edge stress analysis

The fact that the limiting strains for strips with square edges are much higher than
those with rounded edges indicates that the process variables are also important. The
stress and strain between the centre and the edge during cold rolling are shown in
Figure 4.14 where the edges bear plane stress and plane strain occurs in the centre of
the strip. Edges experience secondary tensile stresses when they barrel, a fairly large
tensile stress occurs, and then it in turn causes cracking. If the edges bulge then this
will aggravate the problem further. Therefore, tension is generated at the edges if
ductility is low, to make the edges equal in length to the centre. The edges of thin
strip fractured where the tensile stress may develop under certain rolling conditions.
During cold rolling, steel is principally deformed in plane strain compression, except
near the edges where a rounded profile develops unless the mill is equipped with
edge rolls. In materials with low ductility the secondary tensile stresses are sufficient
to form edge cracks [1].
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Figure 4.14 Stress at the centre and edge of rolled strip (a) and edge shape (b).
Figure 4.15 indicates the change in the edge profile during rolling. The steel is
mainly deformed during plane-strain compression, except near the edges where a
rounded profile develops, as shown in Figure 4.15(b). In a multi-pass schedule where
the edges of the plate are free to spread, they are not compressed by the rolls but are
forced to elongate with the bulk of the steel to maintain continuity, and secondary
tensile stresses induced by uneven deformation are sufficient to form edge cracks.

(a)

(b)

(a) Before rolling; (b) After rolling
Figure 4.15 Change in the edge profile during cold rolling.
Consistent problems with shape and flatness are brought about by inhomogeneous
deformation that can lead to problems with cracking. As the workpiece passes
through the rolls, al1 the elements across the width expand laterally (transverse to
the workpiece) [2, 3]. The tendency for lateral spread is opposed by transverse
friction which is higher toward the centre of the strip so the elements in this region
do not spread as much as those near the edge. Because the thickness decreases in the
centre of the rolled strip, most metal goes into a length increase in longitudinal
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direction, and some of the decrease in thickness at the edges spreads laterally, the
workpiece may become round at the ends. Due to the continuity between the edges
and centre, the edges become striated in tension, a condition which leads to edge
cracking. Ductility is related to the allowable deformation of metals without the risk
of cracking during cold rolling. In some cases the inherently low ductility of a
workpiece may manifest itself as edge cracking, while other defects may occur. It is
therefore important to optimise the rolling process by understanding its mechanics
and variability in microstructure when determining the strength and ductility of steel
strip.
4.4.2

Effect of lubrication

Usually, well lubricated rolling results in near homogeneous deformation and lessens
the gradient of the strain path. Figure 4.16 shows the crack width and changes in
depth under different rolling conditions. It is obvious that lubricated rolling
significantly reduces the growth rate of edge cracks.

Figure 4.16 Change in the size of cracks with rolling pass under different lubricating
conditions.

4.4.3

Shape and quality of sheared edges

Modifying the stringer inclusions by treating the shearing causes rolled strip to be
much less sensitive to the condition of its edges [3]. When shearing the edges, it is
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necessary to ensure that the edges do not become brittle because this sort of
embrittlement reduces the ductility of rolled strip.
Double shearing, which means shearing a previously sheared edge again while only
removing a minimum amount of material, improves its previously poor formability.
The results are as follows: (1) the edge cracks of sheared rolled strip is expected to
avoid the generation and activity of shear bands as the rolling reduction increases, (2)
over shearing affects the work hardness and shape of the sheared edge, particularly in
over aged specimens which exhibits extremely poor formability, and (3) the
formability of over aged specimens improves remarkably after double shearing.
4.4.4

Research on the effect of edge trimming

Shearing is one of the most frequently used processes in thin metal manufacturing
and forming operations [73], and is carried out through a combination of blade
indentation and strip fracture, including blanking, trimming, cropping, etc. Figure
4.17 shows the cutting schematic evaluated in the experiments.

Figure 4.17 Cutting schematic evaluated in the experiments [73].
The rough break surfaces can initiate cracks in subsequent forming processes such as
stretch flanging. Figure 4.18 shows a schematic transverse sectional view of a
sheared steel strip and a typical optical micrograph of the cut surface. Two main
areas are usually present on the cut surface, a cut area (smooth area) and break area
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(rough area). In addition, a roll over forms at the top and a burr forms at the bottom
of the cut surface. As a general observation, the cut area decreases and the break area
increases as the blade becomes blunt, to the extent where the break areas become
extremely non-uniform.

Figure 4.18 A schematic transverse sectional view of sheared strip (after cutting).
The cut surface are extremely sensitive to the cutting parameters, and the
nonuniformity of the fracture surfaces of the break and cut areas match perfectly
[103]. It suggests that shearing under such conditions is a three-dimensional problem
rather than a two-dimensional problem. The fracture process is unsteady and
progresses in a nonuniform manner.

Figure 4.19 Crack initiation of cut surface during cold rolling (pass 5).
The results from this study indicated that these regions were not deformed uniformly
during rolling, and any edge cracks arising from them exhibited different features.
The quality of the trimmed edge, and appearance of the cut and break region, played
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a very important role in the condition of the edges after cold rolling. The cut area in
the surface was slightly striated at an angle of 90 from the axis of the strip due to the
contact of the knife during cutting. The break area looks dull and fibrous due to
damage and growth. After the first 5 passes, an optical microscope revealed that
cracks occured in the break area due to the rough surface in the break area, as shown
in Figure 4.19. A three dimentional optical surface profiler was used to quantify
these observations on the tested specimens. Edge cracking may result in substantial
scrap losses. The edge profile is secondary to the metallurgical structure in causing
cracking.
Variations in the cut and break regions during cold rolling are shown in Figure 4.20
(a) - (d). The heights of both regions reduced linearly with total reduction, and the
break region reduced at a higher rate than the cut region. As the reduction increased,
so too did the edge cracking, while the profile of edges became rougher or more sawtoothed.

(a) Sample 12E (0.18 m/s)

(c) Sample 83W (0.24 m/s)

(b) Sample 93E (0.18 m/s)

(d) Sample 53E (0.24 m/s)

Figure 4.20 Heights of cut and break vary with various reductions under different
rolling speeds.
83

CHAPTER 4 ANALYSIS OF ROLLING PARAMETERS AND EDGE STATE ON EDGE CRACKS

When the reduction was sufficiently high, 45° shear lines started to develop in the
cut region and superficial cracks on the surface of this region started to form, and
when the reduction was even higher, cracks developed in the break region as well
and penetrated into the strip. One clear trend here is that the height and break of a cut
decreases as the total reduction increases, or the rolling proceeds at speeds of 0.18
and 0.24 m/s. When reduction reaches between 70 % and 80 %, the height of the cut
and break was almost the same. With an increase in rolling speed or a worn blade
(see Figure 4.20(c) and (d)), the cross point can be reached under a lower total
reduction.

1st pass

2nd pass

3rd pass

4th pass

5th pass

6th pass

7th pass

8th pass

9th Pass

Figure 4.21 Optical photos of Sample 93E.
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Figure 4.21 shows the sizes of the cut and break areas in optical photos of various
samples. For a given reduction the tendency to edge cracking increases as the
included angle of the chamfer at the edge decreases. This cracking phenomenon is
particularly severe in strip, where it induces fracture during subsequent processes
which leads to a serious decline in productivity. Edge cracking in rolling begins as
small cracks which may propagate across the strip in subsequent passes. Edge
cracking is normally associated with limited ductility, which is in turn, a function of
both the rolling geometry and metallurgical properties of the material being rolled.
Although low ductility is necessary for edge cracking, it is not sufficient, tensile
stresses must also occur from gross or secondary deformation of the edges.
4.4.5

Effect of reduction on edge crack

Figure 4.22 shows the effect of the rolling schedule on edge crack at a rolling speed
of 0.18 m/s.

Figure 4.22 Effect of reduction on edge crack at a rolling speed of 0.18 m/s.

(a) Path 1

(b) Path 2
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(a) Path 3

(b) Path 4

Figure 4.23 Relationship between the crack sizes and pass reduction.
The relationship between the size of the crack and pass reduction is shown in Figure
4.23. The crack is sensitive to a total reduction but not to a reduction in the number
of passes. Table 4.1 indicates the total distribution of reduction.
Table 4.1 Reduction distribution
Reduction (%)

Path 1

Path 2

Path 3

Path 4

Pass 1

40.22869

29.82287

41.70611

32.82183

Pass 2

64.3659

54.55717

56.42107

55.99382

Pass 3

79.33472

69.09286

70.45688

70.05149

Pass 4

84.88565

78.79764

79.27557

79.88671

Pass 5

87.75468

83.37091

83.84441

83.42945

Pass 6

88.85655

85.4643

86.22144

86.29248

Pass 7

89.55301

87.81535

88.51616

87.61071

Pass 8

90.35343

90.7139

91.26363

91.32853

Pass 9

92.90021

92.78583

93.23935

93.71782

It can be seen that the crack varies with the reduction in rolling; when reduction
reaches about 85 % (for this experiment, the thickness is about 0.15 mm), the edge
crack increased significantly due to inhomogeneous deformation, a mechanism that
needs further study. Also, the reduction distribution affected edge cracking
significantly, which indicates that the crack increased quickly with pass distribution
from pass 7.
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A number of researchers have confirmed that the initial shape is one of the most
important factors in determining the onset of edge cracking, and the strip with square
edges has a much less chance of cracking [10]. One obvious way of overcoming edge
cracking is to induce compressive stress at the surface by suitably shaped rolls or
periodically slitting the rounded edges between rolling passes.
4.4.6

Thickness around an edge crack

Figures 4.24 and 4.25 show a real edge crack of cold rolling strip and the point at
which the crack was measured along the longitude. The thickness of the crack was
analysed because it affects their formation during cold rolling.

Figure 4.24 Real edge crack of cold rolling strip.

Figure 4.25 Measuring points of crack along the longitude direction.
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It can be seen from Figures 4.26 and 4.27 that the edges are thinner than the centre of
the strip. The edge drop is obvious in cold rolling. Curves Lt2 and Lt3 are closer to

Thickness of the measuring point
mm

the crack and are thinner than the curves Lt1 and Lt4 which are away from the edges.

0.22
0.21
0.2
0.19
0.18
0.17
0.16
0.15
0.14
0.13

Lt1
Lt2
Lt3
Lt4

0.5 6.5 12 17.5 23.5 29 34.5 40.5 46.5 52
Distance between the measuring point and edge, mm

Thickness of the measuring point mm

Figure 4.26 Thickness of all L lines of sample 116E in pass 8.

0.175
0.165
0.155
Lt1

0.145

Lt2

0.135

Lt3

0.125

Lt4

0.115
0.105
0.5

6.5

12

17.5 23.5

29

34.5 40.5 46.5

52

Distance between the measuring point and edge mm

Figure 4.27 Thickness of all L lines of sample 116E in pass 9.
4.4.7

Research on edge drop and its effect on edge crack

Edge drop affects both the strip quality and productivity. When the profile and
flatness are controlled, the edge drop is reduced. The exit profile and thickness of a
rolled strip depends on numerous factors, e.g. bending of the backup and work roll,
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and the flattening of the rolls due to contact. Because the pressure within the roll bite
is almost constant across the width of the strip, any local deformation in the strip/roll
interface is also constant over the loaded length of the work roll. This sharp drop in
thickness at the edge of a strip is called edge drop, which is of particular interest to a
manufacturer in cold rolling because of its effect on the rolled edges.
Edge drop is an important quality when evaluating the cross sectional index because
it directly affects the size of edge dropping and the metal yield. A sketch of edge
drop is shown in Figure 4.28.

Figure 4.28 The sketch of edge drop.
There are many factors affecting edge drop, including entry thickness, reduction rate,
resistance to deformation, front and rear tension, the bending force of the work roll
and intermediate roll, and shift in the work roll. Edge drop can be controlled by
changing the crown of a work roll, the rigidity of its edge, and the distribution of its
pressure. Edge drop can be evaluated by the edge drop ratio  that is equal to:



hb  ha
 100
hb

(4-2)

where  is the edge drop ratio, ha and hb are the thicknesses of the strip a and b
distances away from the edge of the strip. Normally, the values of a and b are 15
mm and 80 mm from the edge respectively [4, 5], but this varies with the width of
cold rolled strip.
In continuous cold rolling, the characteristics controlling edge drop were examined
and their effectiveness was proven. To this end a tapered roll could reduce the edge
drop and total crown of the strip effectively [37]. However, the optimum design of a
89

CHAPTER 4 ANALYSIS OF ROLLING PARAMETERS AND EDGE STATE ON EDGE CRACKS

tapered roll and how an accurate pre-set shift and coupling could control the bending
and shifting of a work roll are not clear. Furthermore, identifying and eliminating
edge drop on thinner strips has yet not been effectively identified. In addition,
inhomogeneous deformation will occur due to edge drop and edge cracks will
evolve. In this study, more experimental work will be carried out to clarify how edge
drop affects edge cracks in order to quantify the relationship between them,
understand how they generate, and develop a mechanism for eliminating them. The
effect of edge drop on edge crack in pass 2 and pass 8 is shown in Figure 4.29 (a and
b), which can be regressed as follows:

(a) Pass 2

(b) Pass 8
Figure 4.29 Effect of edge drop on edge cracks.

y  yo  A * e^ ( x / t )

(4-3)

where y - crack size, μm, x - ratio of edge drop, %, y0, A and t - regression
coefficients. In this study, the coefficients are listed in Table 4.2.
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Table 4.2 Regression coefficients
Pass No.

Coefficients
y0

A

t

2

6.002

0.440

1.377

8

515.406

16.905

3.988

It can be seen from Figure 4.29 that the crack increases with the ratio of edge drop.
This indicates that the edge drop has a significant effect, and its mechanism will be
further investigated. This result stems from inhomogeneous deformation of the strip
edge.

4.5

Effect of friction and surface roughness on crack evolution

Multi-pass rolling was carried out to help understand how the surface changes at a
specified pass under different contact conditions. The initial surface roughness of the
rolled strips was 0.6 to 0.8 μm respectively.
4.5.1

Introduction

The mechanisms that form edge cracks and the need to prevent them requires
immediate attention because cracking affects productivity, labour costs, the energy
used, and the quality of the finished products. The strength of rolled strip depends on
its properties, its stress and elastic-plastic deformation, the lubrication used, and its
surface roughness. Experimental research provides a phenomenological model to
simulate various fracture phenomena such as crack nucleation, initiation, and
propagation, related to rolling friction and surface roughness [131]. Contact
phenomena between the roll and the rolled strip can significantly affect the stress
intensity which is relevant to crack initiation and propagation. The contact peaks and
valleys of opposing fracture surfaces interact through some combination of sliding,
slipping, and deformation [22-24]. Even under a stress applied uniformly, the
distribution and deformation of stress in steel is not uniform due to surface asperities
of the rolled strip. Because of the multi-scale roughness of most surfaces, actual
contact is confined to the summits of surface protrusions, commonly referred to as
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asperity contacts. Therefore, to analyse edge cracking accurately, surface roughness
on the crack tip must be included because it determines how the crack will grow. In
addition, the friction between the surface of the crack and the roll during cold rolling
must also be investigated [19, 28].
Although the detrimental effects of friction and roughness are expected, few studies
can be found in the literature that explain how these factors affect edge crack
initiation and propagation in cold rolling of thin strip. Parameters that govern crack
propagation are the material, surface roughness, lubricant, and boundary conditions.
In this study, the behaviour of friction and surface roughness near crack tips in cold
rolling of low carbon steel was investigated using AFM and SEM. The mechanism of
edge crack growth close to where the edges were deformed was discussed based on
the observations of this study, which gives a reasonable explanation for both
formation and growth. Thus, the regularities of elastic-plastic deformation, edge
cracking, and surface roughness during cold rolling were analysed.
4.5.2

Friction during cold rolling

Cold rolling mills use oil as a lubricant and coolant to reduce friction and
temperature in the roll bite. This mixture of lubrication was devised to address
theoretical difficulties during actual cold rolling [19] as shown in Figure 4.30.

Figure 4.30 State of affairs under mixed 1ubrication.
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Lubrication takes the form of either hydrodynamic or boundary layers according to
the relationship between the thickness of the oil film to the roughness of the roll and
rolled strip. Insufficient lubrication may cause the strip to stick to the roll. Material
friction can be influenced by a variety of parameters, such as rolling speed and pass
reduction. In the classical theory of rolling, cold rolling involves a certain amount of
slipping friction as shown in Eq. (4-4) from the Coulomb Law [23].
τ

µS

(4-4)

where τ is the frictional force, µ is the coefficient of friction, and S contact pressure.
The coefficient of friction is determined by a formula devised by Hill [19], which is
followed by a one-dimensional model of the flat rolling process. The Hill equation
relating to the coefficient of friction is based on geometric and material parameters:

µ

R′ ∆

P ⁄
.

.

⁄

.
⁄

R′

(4-5)

where P is the roll separating force per unit width, σ the average plane strain flow
strength in the pass, and R′ the radius of the flattened roll.
In this experiment the coefficients of friction were computed as shown in Figure 4.31
which revealed reductions of 15 and 30 %.

Figure 4.31 Influence of the reduction on coefficients.
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It can be seen that the coefficient of friction was reduced with an increasing rolling
speed and reduction in thickness which agrees with the adhesion hypothesis. Friction
and the surface quality of the rolled strip were closely related to the amount of oil
drawn into the bite, and the surface roughness on the rolls and the feed strip.
To achieve an appropriate surface finish, rolling must operate in a mixed lubrication
environment where the oil film is thinner than the surface roughness of the roll.
There are some asperity contacts between the roll and surface of the rolled strip, as
well as trapped oil in the valleys during cold rolling. In most instances the lowest
coefficient of friction is produced by oil lubrication.
The calculated coefficient of friction was found to decrease with increasing
reduction, varying from a high of 0.08 to as low as 0.05, as shown in Figure 4.31.
Lubrication reduces the level of friction and protects the surface of the strip. In
addition, the process parameters that affect the frictional forces include the relative
speed of the rolling surfaces, the geometry of the pass, the surface roughness and its
direction. In the boundary region the film of oil may only be a few molecules thick
and the density of the lubricant has even less effect on frictional resistance, but when
the reduction is increased, the coefficient of friction decreases.
When the film of lubricant is thin enough, the roll and rolled strip surfaces come into
contact at their peak asperities and the rolling pressure is shared by the lubricant and
the contacting asperities. The actual contact area during metal forming is often much
greater than for two non-deforming surfaces in contact. The gradient in equivalent
strain is higher under dry conditions than under lubricated conditions [19, 28, 34,
132, 127-130].
The hard asperities of the counter body induced micro-voids to form in the deformed
region, and then accelerated the nucleation of micro cracks, which then extended to
the bulk of rolled strips during further deformation. Therefore, friction affects the
contact state between the roll and rolled strip which influences the tensile stress, then
contributes to crack initiation and propagation [130, 132-144].
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4.5.3

Surface roughness during cold rolling

4.5.3.1 Surface roughness measurement
Roughness is a measure of the surface texture which is quantified by the vertical
deviations of a real surface from its ideal profile. Roughness determines the surface
quality of rolled strip. It is typically considered to be a high frequency, short
wavelength component of a measured surface, which is characterised through
average roughness R

, peak-to-valley height roughness R

and 10-point

roughness R . Figure 4.32 shows the measured surface roughness.

Figure 4.32 The measured surface roughness (Ra=0.83 μm).

|
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∑
where

and

(4-6)

∑

(4-7)
(4-8)

are the 5 higher local maxima and lower local minima,

respectively, of the profile height distribution (z).
Surface roughness not only interacts with the hydrodynamics of the fluid lubricant
film, but also leads to very high local contact pressure near the tips of the asperities.
Figure 4.33 shows a profile of rolled strip which indicates the zone asperity
deformation, where contact between the roll and the rolled strip is smaller than in an
ideal case due to the surface roughness.

The factors which influence the flow of material will affect the surface roughness of
rolled strips, including rolling parameters such as reduction, rolling speed, strip
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thickness, and rolling pass. In this study the initial surface roughness of the cold
rolled strip was approximately

= 0.8 µm in both the rolling and transverse

directions.

Figure 4.33 Real profile of rolled strip.
4.5.3.2 Surface roughness in cold rolled strip
When roughness exists on the surface of a rolled strip, only part of it comes in
contact at the interface during deformation plasticity. The profile of the asperity is
also deformed to cause the real contact area and contact ratio to change during cold
rolling. Interaction of the roll and the strip influences the lubricant entrainment at
entry but the influence of the roll surface becomes predominant in the contact zone
[19, 20].

Figure 4.34 Surface roughness of strip samples.
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The surface roughness of the initial strip taken after the first and second passes is
shown in Figure 4.34, where the roughness on the bottom surface of the strip was
significantly greater than on the top surface. In the second pass, the surface
roughness was reduced even further. It can be seen that the surface roughness was
about 0.56 μm for the first pass and varied between 0.49 and 0.47 μm for the second
pass. The surface roughness decreased significantly after rolling because the surface
asperities were compressed, and therefore the surface roughness was decreased. With
small reductions, the asperities with small initial surface roughness will have a larger
contact area, so a reduction in roughness slows down earlier. The surface roughness
of the rolled strip after the pass also depended on the lubrication mechanism at the
roll-strip interface.

(a) Rolling direction

(b) Transverse direction

Figure 4.35 Roughness along rolling and transverse directions with rolling
reductions.
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Figure 4.35 shows the surface roughness along the rolling and transverse directions.
The higher the reduction is, the smaller the surface roughness. Surface roughness
along the rolling direction decreased with the number of rolling passes due to the
smoothness of the roll during rolling. Rougher work rolls create rougher strips. The
roughness of the roll surface gradually decreases as rolling progresses and roughness
changes after rolling because the surfaces of the roll and strip are transferred to each
other. Sometimes this roughness does not change significantly with reduction due to
the possible effects of the surface hardness of the metal. It can be seen from Figure
4.35(b) that the transverse surface roughness changed very slowly with the rolling
reduction.

Figure 4.36 Variation in roughness in a transverse direction within same sample.
Surface roughness plays an important role in determining the tribological behaviour
of the mechanical components, as well as fracture and wear. In most cases the cracks
begin on a free surface which means they are sensitive to surface roughness. Surface
roughness is also expected to play a significant role in edge cracking because the
cracks in rolled strip edges can be delayed by having a finer surface finish [132].
Figure 4.36 shows variations in roughness along the transverse direction. It can be
seen that the surface roughness on the edge was higher than that in the centre.
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4.5.4

Effect of friction and surface roughness on crack evolution

4.5.4.1 Crack initiation

Crack initiation under slip conditions has been investigated through rolling
experiments and so too has the effect of roughness. Edge crack initiation appears to
be highly sensitive to the quality of an edge surface such that a higher roughness
leads to a lower tangential force needed for crack initiation [2]. In addition, edge
grains are weak and deform plastically at the lowest stress which leads to micro
cracks along grain boundaries at the edge of the strip. Figure 4.37 shows the optical
and AFM micrographs of the edges of rolled strip where it shows from Figure
4.37(a) and (b), that the edge of rolled strip is rougher than the centre. Micro cracks
are easier to imitate near the surface of rougher edges under small amounts of plastic
strain [133]. The rolling contact varies with the surface roughness between the edge
and the centre, which implies different deformation between edge and centre,
depending on the area effectively involved in this process.

(a) Optical micrograph

(b) AFM micrograph

Figure 4.37 Optical and AFM micrograph of specimen surfaces.

Figure 4.38 shows the 3D micrograph in AFM. Larger surface roughness easily
results in cracking and the stress and strain around the porous areas are higher on the
free edge.
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(a) 3D micrograph along strip edge

(b) 3D micrograph near strip edge

Figure 4.38 3D micrograph in AFM.

During further rolling, micro cracks nucleated along the edges, as shown in Figure
4.39, as a result of micro-voids that formed around the porous areas or rough surface
grooves. Once these micro cracks were linked with each other they were propagated.
Roughness was not stationary in a small area of the fracture surface near where the
crack initiated from [132]. Surface roughness can introduce localised stress which
reduces resistance to crack initiation. Therefore, an increase in surface roughness can
enhance the stress at the bottom which leads to crack initiation and decreased
fracture strength. The sites where the cracks began changed from surface to subsurface, and then through the thickness of the sample. Cracks beginning at the
surface of the rolled strip were more likely at lower stress levels due to stress
concentration which reduces the transition stress as the surface roughness increased.

(a) Magnification: 500
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(b) Magnification: 3000

Figure 4.39 SEM of crack initiation.
4.5.4.2 Crack propagation
Figure 4.40 shows crack propagation in SEM and AFM observations. Figure 4.40(af) shows an SEM of the crack propagation under different rolling passes, and Figure
4.40(f) is a 3D AFM topographic image of fracture surfaces.
Sufficient strain localisation was accomplished during the crack nucleation and
initiation, and the final surface of the strip was made up of a newly generated metal
surface. The study revealed that edge cracking in rolling is first manifested as small
cracks which propagate across the strip in subsequent passes until as much as 40% of
the total width of the metal is affected [2]. When slip bands form after a crack
propagates for a considerable distance, the stress caused by a pile up of dislocations
will facilitate propagation along the slip bands, resulting in alternate propagation of
cracks along the slip band [130, 133-135]. The edge cracks are located
approximately 45° to the rolling direction because the shear stress has its maximum
value in that direction. The distance between adjacent cracks varied along the rolling
direction. In a transverse direction, the edge cracks extended from the edge to the
bulk of the strip.
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(a) Pass 5

(c) Pass 7

(e) Pass 9

(b) Pass 6

(d) Pass 8

(f) 3D AFM topographic image

Figure 4.40 Crack propagation along strip edge.

In dry conditions, crack propagation is possible due to large friction forces on the
boundary when a driving counter body approaches the open mouth of a crack.
However in lubricating conditions, wedging occurs when a counter-body covers the
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mouth of a crack because the lubricant has penetrated into the crack. Therefore, the
growth rate of a crack in lubricated rolling is slower than that in dry rolling. When
the rolling load is large enough and after the crack has propagated a considerable
distance, the stress near the crack exceeds the yield strength and plastic deformation
then begins. When there is no plastic deformation before significant crack
propagation, the resistance to nucleation and propagation depends on fracture
energy2γ. When a crack nucleates and propagates along the edge, its resistance to
propagation will decrease from 2γ to 2γ

2γ

γ , where γ is true fracture

energy and γ is the interface energy [136 - 141].

4.5.5

Crack analysis during cold rolling

The microscopic features which characterise the evolution of edge cracking during
cold rolling include the appearance of micro cracks on the edges of rolled strip, the
growth of lots of smaller cracks, and transverse propagation into the bulk of the
material. The tensile stress results from deformation or bulk deformation of
unsupported edges, and transverse variations in stresses are important factors in edge
crack initiation from the edge porosity [141]. Another important contributing factor
that decreases fracture strength is surface roughness, which introduces stress
concentrations that are detrimental to edge formability. In addition, the effect of
lubricant cannot be ignored when investigating the evolution of edge cracks during
cold rolling.
Although the rolling load may appear simple, a complex state of stress exists near
defects or micro-voids, where they can undergo sharp gradients. Micro cracks begin
because of a local accumulation of dislocations, high stresses at local points, and
plastic deformation around inhomogeneous inclusions. Friction affects the
distribution of stress and strain in rolled strip, which then influences the evolution of
edge cracks, which increases the fracture loads and alters the direction of propagation
[141]. During lubricated rolling, the rolling load is shared by the lubricant and the
contacting asperities, and it is possible that it reduces longitudinal stress during
rolling. In addition, the high pressure viscosity coefficient of the lubricant
significantly increases the viscosity of the fluid at the mouth of a new crack, which
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isolates the growing crack tip from the high pressure pulse and then lowers the
pressure around the edge of the crack.
However, dry rolling is likely to increase the rate of crack initiation and propagation
because the distance between the rolling surfaces is extremely small and thus
transmit pressure to the growing crack tip. The highly stressed surfaces ahead of the
micro cracks result in a brittle surface [142, 143] will accelerate the rate and growth
of crack initiation. The coefficient of friction influences all the crack growth because
it affects the relative levels of stress intensity which affects the direction of
maximum principal stress or of crack propagation. The film of oil reduces the
probability of crack initiation by dissipating the interactive surface stress within the
film additive. Therefore less stress is transmitted to the sub-surface which
significantly reduces the rate of crack initiation.
Figure 4.41 shows the 3D surface roughness during polishing (a) and cold rolling (b).
It can be seen that the effective contact area of polished strip was greater than that in
rolled strip, which in turn affects the initiation of material separation along certain
planes.

(a) Polishing surface

(b) Rolled surface

Figure 4.41 3D surface roughness during polishing and rolling surfaces.
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Variations in the surface roughness on width of the strip contribute to the distribution
of stress and then inhibit crack nucleation. Surface grooves can act as crack initiation
sites because initiation at grain boundaries is difficult as the incompatible strain
between adjoining grains is small [144], and the cracks begin at surface grooves.
Therefore, surface roughness affects crack initiation. Concentrated slip occurs easily
because the initial stress for dislocating emissions increases with the number of
rolling passes. Crack propagation occurs due to elastic-plastic deformation and
subsequent fracture of the region around the crack tip. The crack starts growing in a
radial direction perpendicular to the maximum tangential stress [142]. The
deformation associated with the crack opening and closing produces a fracture
surface with well defined undulations, which results in a striated appearance [143].
As the crack begins to propagate along one of the shear bands and changes direction
after intersecting a grain boundary, the effective stress at the crack tip is reduced
considerably due to the crack branching out in another direction.
The surface roughness is built up as a result of concentrated slip deformation under
stresses and eventually a crack is formed along the slip band, and the surface
roughening turns to the nucleation of cracks. Roughness causes the fracture surface
to wedge itself open as the faces of the crack are displaced relative to one another.
This roughness also gives rise to normal contact forces on the fracture surface. The
effective stress intensity factor [172],

can be stated as

(4-9)

where

is the applied stress intensity factor, and

is the frictional stress

intensity factor generated by the surface roughness.
The surface stress concentration factor ( ) was introduced to describe the effect of
surface roughness incorporated into a stress gradient. The transition stress at which
crack initiation changed from edge to the bulk of the strip was significantly affected
by the surface roughness. Surface roughness imposes stress concentrations in the
surface where edge cracks may initiate. Some efforts were made to quantify surface
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roughness based on the imposed concentration of stress. Arola and Williams [143]
suggested a stress concentration factor:
1
where

,

and

2

(4-10)

are shown in Eq. (3-5).

Figure 4.42 shows the stress concentration of rolled strip surfaces. It can be seen that
the coefficient of stress concentration increases with an increase in surface
roughness. If the stress concentration is greater, the crack occurs more easily.

Figure 4.42 The stress concentration coefficients.

The maximum value of the edge stresses is determined as [144]:
(4-11)

√

where

is the tensile stress along the edge of a rolled strip. A model material with

low carbon steel was used to simulate thin strip rolling. The constitutive model [145]
used to described the behaviour of this low carbon steel is
245.98

702.66

.

(4-12)

where is the plastic strain.
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Crack propagation takes place once the SIF at the tip reaches its critical fracture
toughness. For an edge crack by limiting the radius of curvature, the stress intensity
factors (SIF) can be given by [175]:
1.1215 .

(4-13)

√

where a is the crack length.
A better understanding of the levels of stress in the region of the crack tip can be
obtained through stress intensity factors. The frictional stress intensity factor can be
evaluated from [146, 147],
/

K
where

/

dx

(4-14)

is the pressure distribution between the fracture surfaces,

of the crack,

is the length

is the distance between the crack tip and strip edge, and γ is the

effective coefficient of friction given as,
µ

γ

(4-15)

µ

where β is the asperity angle, and

is the coefficient of friction.
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Figure 4.43 Frictional stress intensity factors with crack depth under different
friction coefficients.
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Figure 4.43 shows the frictional stress intensity factor (SIF) with crack depth under
different coefficients of friction. It can be seen that the SIF values increase as the
length of the crack increases. In addition, SIF values increase with an increase of
frictional coefficients (0.03 to 0.05). The coefficient of friction can increase the
frictional stress and accelerate crack initiation and propagation.
4.5.6

Conclusions

The effects of friction and surface roughness on edge crack initiation and growth
have been discussed. Lubricating the rolls with oil decreases the coefficient of
friction which in turn prevents micro cracks and delays edge crack initiation and
propagation. The AFM and SEM observations confirmed that edge cracks begin
from porosity and grooves with rough surfaces. The coefficient of friction is closely
related to an increase in its effects and higher surface roughness increases the stress
concentration during this process and acts as a place where cracks often begin.
Transition stress was significantly affected by surface roughness and the specimens
with rougher surfaces showed lower transition stress than those with smoother
surfaces. The results show that crack propagation in low carbon steel during rolling
depends on surface roughness. Lubrication reduces frictional stress, and the crack
initiation process in rolled strip can be delayed by having a finer surface finish.

4.6

New findings

Through these experiments the effects of reduction, rolling speed on rolling forces,
rolling torques and strip crack were investigated and the following new results were
obtained:
1)

The crack on the break area produced by a worn trimmed edge was much
bigger than that in the cut area, and the quality of its surface affected any
further growth.

2)

Any difference between the edge cracks on both sides of the strip was
insignificant for all rolling passes, although the number of cracks did
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increase on both sides. After pass 7 the crack at the bottom of the edge
lengthened more quickly than on the top edge region.
3)

The crack increased with the ratio of edge drop, which indicates that the
strip edge drop of the strip significantly affected edge cracking.

4)

The crack varied with rolling reduction. When the total reduction reached
about 85 % (for this experiment, the thickness is about 0.15 mm), the
crack increased significantly. The reduction distribution had a significant
effect on edge crack, which indicates that from pass 7, the crack
increased quickly with pass distribution.

5)

The influence of rolling speed on edge crack was not remarkable from
passes 1 to 6, but as the number of rolling passes grew, the edge crack
extended very quickly. A high rolling speed caused a rather large edge
crack.

6)

The height of cut and break decreases as the total reduction increases or
the rolling process proceeds at a rolling speed of 0.18 and 0.24 m/s.
When the reduction reaches between 70 and 80%, the height of the cut
and break is almost the same. With an increase in rolling speed or a worn
blade, the cross point can be reached under a smaller total reduction. The
height of the cut and break lowers with the total reduction, while the
height of cut part deceases more than the break part.

7)

The AFM and SEM observations have confirmed that edge crack begins
from porosity and rougher surfaces of the grooves. The coefficient of
friction is closely related to an increase in its effects, while a higher
surface roughness acts as a source of crack initiation which increases the
concentration of stress during edge cracking.
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CHAPTER 5

STUDY ON THE EFFECTS OF MICROSTRUCTURES ON EDGE CRACKS

5.1

Introduction

Metals occasionally tend to develop edge cracks during hot and cold rolling. Edge
cracking in cold rolling is a complicated phenomenon that depends on rolling
conditions and microscopic factors such as microstructure, inclusions, and pores.
Microscopic features which characterise edge cracking are the initiation of edge
cracks, the growth of micro cracks and the transverse propagation of edge cracks into
the bulk of materials. Although it is widely known that microstructures such as grain
sizes play an important role in metal forming it is not usually included in most
analyses of deformation and crack evolution. Ductile fracture when cold rolling of
metals and alloys is complicated [1]. It depends on macroscopic factors such roll
geometry, rolling speed, the reduction ratio or pass schedule, lubrication or friction,
alloy, temper, and mechanical properties as well as on microscopic factors such as
microstructure and surface micro-topography. From the view of micro scale, ductile
fracture is affected by void nucleation, growth, and coalescence phenomena. The
resistance of metal and alloys to crack initiation and propagation is known to be
influenced by grain sizes [73, 75]. The situation becomes critical when the remaining
width of the strip does not meet the requirement of the next stage of the process.
Therefore, microstructure factors which may influence strip cracking must be
investigated at the time as the evolution of edge cracks. Little research has been
carried out about the effect of microstructure on the edge cracks of thin strip during
cold rolling, especially ferritic rolling, particularly the effect of grain size which has
yet to be investigated.
In this chapter, mechanical analysis and experimental investigations were conducted
to study edge crack relating to initial microstructure during cold strip rolling, and
110

CHAPTER 5 STUDY ON THE EFFECTS OF MICROSTRUCTURES ON EDGE CRACKS

characterise the crack initiation and propagation of various microstructures (coarse
and fine grains) of low carbon steel. The primary causes of cracking were analysed
by a detailed examination of the microstructure and practical methods to prevent or
minimise cracking based on the micro-structural analysis of the cracking region was
generated. The objective of this study is to verify the possible relationship between
the formation of edge crack and microstructures, especially ferrite grain in low
carbon steel. The cracked and non-cracked regions were cut perpendicular to the
rolling direction and their microstructures were observed. Microstructures of the
central and side regions were observed by an optical microscope and a SEM. The
sensitivity of materials to edge cracking generally increases with their
microstructures.

5.2

Experimental results and analysis

5.2.1

Microstructure around rolled strip edge under various temperatures

Before cold rolling begins there are differences in grain size between the centre and
edge of the strip under different hot rolling or ferritic rolling temperatures which
influence the evolution of edge crack during cold rolling. Figure 5.1 shows the
ferritic grain size in the centre at a rolling temperature 860 °C, it can be seen that the
grains vary from 15 to 25 μm.

1

7

(a) Grain distribution on different point

(b) Measured direction of grain size

Figure 5.1 Analysis of ferrite grain size at central place.
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Figure 5.2 shows the microstructure of the edge at a rolling temperature of 860°C
where it can be seen that the grain is finer at the edge and coarser in the centre
because cooling is faster at the edges. Here the grains vary from 8 to 15 μm, and the
grain level at the edge is 10.3 and 8.9 at the centre, relatively speaking.

6

1

Figure 5.2 Analysis of ferrite grain size in strip edge position.

Figure 5.3 shows the microstructure of the edge at a rolling temperature of 775 °C.
There is no significant difference about the size of grain between the edge and the
centre and the grain is elongated grain along the rolling direction. Under heavier
reduction, the remaining austenite is easier to be transformed into a high proportion
of pearlite.

Figure 5.3 Rolled edge microstructure under rolling temperature 775°C.
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The difference in microstructure between the edge and the centre of rolled strip is
relative to the inhomogeneous deformation during rolling which also affects any
further edge cracking.
5.2.2

Microstructure evolution in cold rolling

Cold rolling elongates the ferrite and pearlite microstructures which are characterised
by a homogeneous distribution of pearlite into the ferrite matrix. The grain in the
centre is normally larger than that at the edge because the cooling rate of rolled plate
is slower in the middle than at the edges, and the speed of nucleation is different.

(a) Pass 3, dry rolling, rolling speed 30rpm, initial strip rolling temperature 810°C
(b) Pass 3, dry rolling, rolling speed 30rpm, initial strip rolling temperature 775°C
(c) Pass 4, lubrication rolling, rolling speed 15rpm, initial strip rolling temperature 900°C
(d) Pass 5, lubrication rolling, rolling speed 15rpm, initial strip rolling temperature 810°C

(ND: Normal direction; RD: Rolling direction)
Figure 5.4 Cold rolled microstructures of different workpieces under various rolling
conditions.
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With furnace cooling the grain is uniform across the plates because the cooling rate
is the same, although a large amount of pearlite will occur due to a slow cooling
speed. Ferritic rolling changed the shape of grains and greatly increased the total
grain boundary area. This new grain boundary area now incorporates dislocations
which were continuously generated during deformation. Figure 5.4 shows the
variations in microstructure during cold rolling. It can be seen here that the
microstructure has elongated with the rolling directions. With cold rolling the ferrite
grains are deformed and compressed along the normal direction.
5.2.3

Effect of initial rolled microstructures

The effects of initial rolled microstructures on the formation of edge cracks are
shown in Figure 5.5 (a: Pass 7 and b: Pass 9).
The size of edge cracks increased as the rolled temperature of initial microstructure
rose from 750 to 900 °C. This is because the initial microstructures under 750 - 810
°C are homogeneous coarse grains featured by ferritic rolled microstructures.
Furthermore, lubrication rolling helps reduce the formation of cracks and causes
edge cracks extend very slowly.

(a) Pass 7 (N/Y: dry or lubrication rolling)
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(b) Pass 9 (N/Y: dry or lubrication rolling)
(9N15A2 (750°C): 9: rolling pass No, N: dry rolling; 750: initial microstructure at 750°C)

Figure 5.5 Effects of initial rolled microstructure on edge cracks.
Figure 5.6 shows the relationship between the microstructure and the strip edge
crack. The size of edge cracks increased slowly with initial rolling temperatures from
750 to 810 °C but when the initial rolling temperature rose above 810 °C, they
lengthened significantly from 15 to 60 μm after pass 7 and from 50 to 250 μm after
pass 9. The size of the grain affects the fracture toughness and then the edge crack
extension. In addition, the lubrication effect is significant in decreasing edge crack
propagation.

(a) Pass 7

(b) Pass 9

Figure 5.6 Relationship between the microstructure and the strip edge cracks.
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5.2.4

Effect of lubrication

The effect of lubrication on the formation of edge cracks is shown in Figure 5.7. The
size of edge cracks increased significantly without lubrication but increased slowly
with lubrication, which indicates that lubricated rolling can eliminate or reduce edge
cracks. This effect is more significant for hot rolled edge than for sheared edge.

(a) Non lubrication rolling

(b) Lubrication rolling
Figure 5.7 Effects of lubrication conditions on edge cracks.
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At the same time we can see that the initial condition of the edge affects the
extension of edge cracks; hot rolled edge cracks grow quicker than sheared edges
because if an edge has been sheared, hot rolled edge micro cracks and rolled edge
drop can be avoided during downstream cold rolling. The mechanism of normal
separation due to lubrication penetrating into edge cracks and its pressure on the lips
of a crack will reduce the pressure between the strip and the roll and then delay the
occurrence of edge crack.
5.2.5

Effect of initial edge shapes

Edge ductility increased for all the materials when the quality of the edge was
improved by removing the cold worked sheared region by machining or trimming.
Thus eliminating this region makes crack initiation more difficult. The effect of edge
shapes (sheared or sheared and ground) on the formation of edge cracks are shown in
Figure 5.8. It can be seen that the edge crack extends slower in sheared and ground
edges than in sheared edges. Grinding can eliminate the residual stress caused by
trimming and benefit the surface integrity so ground edges have good formability
and edge crack extension is insignificant.

Figure 5.8 Effects of initial edge shapes on edge cracks.
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5.2.6

Crack distribution density and strip bend analysis

Figure 5.9 shows the crack distribution along strip edges. The crack density is high
on the edge of hot rolled strip.
Rolled strip bending is shown in Figure 5.10. The amount of strip bending is
remarkable under lubrication rolling but is very small under dry rolling. Dry rolling
affects the rolling friction of both sides and results in inhomogeneous deformation on
both sides of the cold rolled thin strip.

Figure 5.9 Crack distributions.

(a) Lubrication

(b) Non lubrication

Figure 5.10 Rolled strip bending.
5.2.7

Summary

The microstructure in the edge zone differs in size from that at the centre of cold
rolled strip because that zone might experience different deformation during cold
rolling leading to edge cracks. The arguments advanced in this chapter are an attempt
to determine whether any uneven microstructure developed in the cold rolled strips
and the effects of initial microstructures on edge cracks. Various initial
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microstructures were selected before deformation. The relationship between the
microstructure and development of edge crack was identified and the following
conclusions can be drawn:
1)

Ferritic microstructure can reduce the growth rate of edge cracks;

2)

Lubrication reduces edge cracking; and

3)

When the edges of thin strip are trimmed with a shear, the quality of the
edge is maintained for more rolling passes and can eliminate edge cracks.

5.3

Crack analysis relative to the microstructure of rolled strip

Various edge defects are prone to become sources of crack initiation at the edge
under cold rolling, propagate towards the middle of the rolled strip with stress
concentration occurs around the edge defects [2, 47, 132, 148-156]. The locations at
which the cracks were found to nucleate [70, 151] could be classified as (i) the
ferrite-pearlite interface, (ii) the ferrite - ferrite grain boundary, (iii) the ferrite grain
body and (iv) pores. According to SEM observations the preferred site for such crack
nucleation in steel was the edge pores. The orientation of the cracks varied between 0
and 90° to the rolling direction, which results from an inhomogeneous distribution of
stress/strain in the microstructure and incompatible strains along the strip edges. The
fracture energy of porous materials decreases when the pore volume fraction exceeds
some critical value [157], and propagation of most cracks does not simply pass
through the pores but spreads around them, causing the front of the crack to curve.
Beyond this critical volume of porosity, the resistance to fracture drops rapidly with
porosity [158-165].
5.3.1

Ductility and fracture toughness

The main mechanism of ductile fracture in the deformation zone is void nucleation
and growth, and the spacing and distribution of void nucleating inclusions. There is
an almost exponential decrease of tensile ductility and an increase in the volume of
particle fracture [162], as shown in Figure 5.11.
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Figure 5.11 Ductility in tension versus volume fraction of
second phases/inclusions [162].
Plastic deformation may often change the shape of inclusions. The difference
between the tensile ductility of steel in transverse and longitudinal directions can be
quite large, with the transverse ductility being the smaller [2].

Figure 5.12 Crack initiation and propagation.
Figure 5.12 shows the edge crack initiation and propagation. It can be seen that there
are a lot of micro-voids along the edge which reduces the ductility and accelerates
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the occurrence of edge cracks. The fracture toughness, which is related to the
microstructure [163], is largely governed by the initiation and propagation
characteristics of micro cracks generated at the crack tip.
In low carbon steel, voids usually nucleate at pearlite and second phase particles, and
plastic deformation causes the voids to grow into micro cracks. Various surface
defects are prone to change into sources of crack initiation. Stress is also
concentrated below the surface because of interior defects such as non-metal
inclusions, holes, or big hard brittle particles [164-168]. An edge will begin to crack
when the void volume fracture reaches a critical value of around 3 %. An equation
for the rate of void nucleation [159] is shown as follows,

f
where

N

√

SN

exp

ε

is the equivalent plastic strain,

is the total void volume fracture that

can be generated by nucleation along the strip edge,
nucleation rate is maximum, and

(5-1)

is the strain at which the

is the width of the distribution function of

strains over which voids nucleate.
Toughness is an important property in material design because higher toughness
minimises the potential for fracture [162]. As toughness is the ability of a material to
resist the growth of a crack, the measurement of toughness involves quantifying the
force required to propagate a crack. Propagation of a crack in a given material
requires a certain amount of energy which is characteristic of a particular material. A
tougher material will absorb more energy before a crack grows, so the measure of
material toughness is based on the energy it absorbed during fracture.
A stress is derived from an energy balance where it is assumed that the strain-energy
relief due to void nucleation,
energy required to create the new surface

/

must at least be equal to the surface
. From this balance it is found that the

matrix stress for void initiation [169] is
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where

is the diameter of the particle,

modulus and

is the surface energy,

(5-2)
is Young’s

is a stress concentration factor.

In the case of elongated particles, the Gurland-Plateau energy balance [170] may be
used when account is taken of the length and diameter of the particle. For this case,
the matrix stress required for void nucleation is derived as follows:
(5-3)
It is interesting to observe from Eq. (5-3) that the stress appears to depend only on
the length of the particle, not on its diameter.
A series of these cracks were photographed using a SEM at suitable magnifications
so that their maximum dimension can be measured conveniently. The SEM
examinations of the polished and etched surfaces of the rolled strip indicated that the
location at which crack initiation occurs in the microstructure of this steel is either
grain boundary or in the grain body. The overall microstructure shows grains
elongated parallel to the rolling direction. However, it is peculiar to observe that
grains are elongated perpendicular to the rolling direction in the crack tip region
[171, 172]. This is because the edge region has finer grains than the central region
due to the faster cooling rate. Also, the aspect ratio of grains at the edge is larger than
in the central region because it is less likely for dynamic recrystallisation to occur in
this region [35].
5.3.2

Crack analysis

Plastic strain and hydrostatic stress can cause voids to grow further and eventually
crack [84]. Such growth is more pronounced near a crack tip due to the presence of
stress concentration. Voids elongate mostly in the direction of maximum principal
stress. The existence of local stress/strain fields due to other defects also affects the
direction of void growth. Their growth rate depends on the voids or a void, and the
crack tip, the starting loads and the size and shape of the void. The stress state is an
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important factor in ductile fracture, determining the crack initiation and fracture
strain, which is generally represented by stress tri-axiality.

(a) Initial rolling temperature: 900 °C

(i) Air cooling

(b) Initial rolling temperature: 860 °C

(ii) Furnace cooling

(c) Initial rolling temperature: 810 °C

(d) Initial rolling temperature: 750 °C
Figure 5.13 Crack initiation.
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SEM was used to analyse the initiation and propagation of edge crack. SEM
observations showed two morphologically distinguishable modes of crack extension.
These cracks first formed within a region of relatively low tensile tri-axiality where
plastic flow was less constrained. Perhaps, once the local dislocation density is high
enough to produce enough vacancies to condense and collapse into micro cracks on
the slip plane. A higher degree of tensile tri-axiality develops before the ductile
fracture spreads across the whole cross section and fracture at the grain boundary is
triggered from the high local tensile stresses. A sequence of crack nucleation and
growth is shown in Figures 5.13 and 5.14. The orientation and path of the crack
suggests that the crack propagated and widened along the slip planes.

(a)

(b)

(c)

(d)

(a) and (b) Edge crack distribution along strip edge; (c) and (d) Single edge crack
shape under different magnification.
Figure 5.14 Edge crack propagation
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It can be seen from Figure 5.13 (a) and (b) that the crack extended in a 45° direction
so the stress concentrated under this extension direction caused the edge crack to
grow quickly. While in Figure 5.13 (c) and (d), the direct extension of the edge crack
is unremarkable because elongated grain only affects the direction of propagation.
These differences can be ascribed to the different microstructures which have
generally been leading to the formation of edge crack. With metals, high local stress
concentrates near the tip of the cracks, but once it exceeds the yield strength of the
material, plastic deformation inevitably occurs. There is a plastic zone around the
crack tip where any extension to the crack must first pass through. The energy of
crack propagation is mainly consumed by the plastic deformation. Crack initiation is
a process of accumulative slipping of surface grains near where multiple micro
cracks occur.
5.3.3

Effect of edge profile and lubrication

Over aged specimens exhibited an extremely poor formability and shearing
influenced the worked hardness and shape of the sheared edge [160]. The formability
of over aged specimens improved remarkably after shearing, while a sheared edge
eliminated strip edge pores caused by hot rolling and inhomogeneous microstructure
due to a higher cooling speed during hot rolling. These are beneficial attributes for
further homogeneous deformation of cold rolling. The sheared edge can delay crack
initiation and propagation and improve the formation of rolled strip, as shown in
Figure 5.15. It can be seen that initiation is not obvious.

Figure 5.15 Sheared edge during rolling.
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In order to prevent the edge cracking, it is important to control the grain morphology
in this region. In addition, improving the edge formation of rolled strip ensures that
the edge of the hot rolled strip product is free from defects. Usually, well lubricated
rolling results in near homogeneous deformation during cold rolling, lessens the
slope of the strain path, and reduces the growth rate of edge crack.

5.4
5.4.1

Study on effect of grain size on edge crack
Introduction

In order to improve the ductility of steels it is important to understand the mechanism
of the edge crack initiation. The porosity is consisted of primary and secondary
porosities. Porosity significantly affects formation and void growth plays a dominant
role on crack initiation in regions with high stress [167]. The void nucleation
parameters are closely related to the microstructural characteristics of ferrite and
pearlite steels. The grain boundary tends to affect the plastic deformation of rolled
strip which could be a key factor in retarding cracks at the boundary. The grain
boundary is strengthened because it acts as barriers to plastic flow, sources of
dislocation, and additional stresses due to elastic anisotropy. In addition, refining the
grain results in a more homogenous deformation [164], which postpones crack
initiation while correspondingly increases the critical stress of crack initiation.
Therefore, the refining the grain size can make crack initiation more difficult. The
microstructure and intensity of stress at the crack tip are the factors which determine
whether an inter-granular quasi-cleavage or micro-void coalescence fracture model
operates [47]. The resistance of metals and alloys to crack initiation and propagation
is known to be significantly influenced by grain size. Typical microstructures in the
transverse through thickness direction of cracked and un-cracked edges of rolled strip
revealed the presence of coarse ferrite grains near the cracks.
The fracture of ductile materials during cold rolling is a complicated process where
cracks are generated from initial defects. This leads to a sudden relief of accumulated
energy. Due to the occurrence and presence of fairly high localised stress at selected
points through the microstructure, the corresponding strain is conducive for (i) the
nucleation and early growth of microscopic voids and (ii) the eventual coalescence of
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the microscopic and microscopic voids at low to moderate levels of stress [54, 73].
These results in the early initiation and presence of fine microscopic cracks
distributed through the fracture surface [17]. During far-field loading, the fine
microscopic voids tend to grow or increase in size, and eventually coalesce with each
other. Cracks can begin in materials when micro-voids form along grain boundaries
from changes in volume when the phases are transformed from austenite to ferrite
during hot rolling and are coalesced. In the present study, microstructural analysis
was conducted on edge cracking while hot rolling thick low carbon steel plates to
elucidate the mechanism of crack formation. Since the edge contains more elongated
grains than the centre, it is harder and stronger and contains a large amount of
various oxides. These oxides are either spherical or rod-type particles. When a
rolling load is applied the stress first concentrates on these oxides and causes crack
initiation. These cracks are then propagated to induce either intergranular or cleavage
fracture.
5.4.2

Crack initiation

Inhomogeneous deformation and large secondary tensile stresses are necessary
criteria for ductile fracture to occur. So too is a material of limited workability or
with inhomogeneous workability features. During cold rolling, cracks originated at
the edges of the strip after critical deformation. They are undesirable because of their
surface appearance and their influence on the strength, formability, and other
manufacturing characteristics.
5.4.2.1 Microstructure analysis
The hot rolled microstructures at the centre and surface at 900 °C are shown in
Figure 5.16(a). The ferritic grain was further refined due to more deformed stored
energy. Furthermore, the completely recrystallised austenite was transformed into
fine ferrite under subsequent cooling. This is a typical hot rolled microstructure
which contains equiaxed ferrite and lameller pearlite with grain around 9.5 µm and
an aspect shape of about 1.
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Central

Surface
(a) Hot rolled microstructures

Central

Surface

(b) Ferritic rolled microstructures
(ND: Normal direction; TD: Transversal direction)

Figure 5.16 Rolled microstructures under 750 °C.
Elongated ferritic grains mixed with small, equiaxed ferritic and pearlitic
microstructures were formed during rolling at 750 °C, as shown in Figure 5.16(b),
and it is a typical ferritic rolled microstructure. The ferrite was deformed and
underwent work hardening without significant recrystallisation, and the ferritic
grains transformed from a polygonal to an elongated shape. The average grain size is
15 µm and an aspect of grain shape is around 0.75. Grains are larger in the central
region and smaller near the edge due to its higher rate of cooling. The aspect ratio of
elongated grains increases as it moves from the centre to the edge, resulting in a
more elongated shape in the edge region.
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Irrespective of the location, all the microstructures are typically composed of ferrite
and pearlite. There were a number of equiaxed grains near the surface of the strip and
the number of elongated grains increases as it gets deeper into the interior. This is
because the dynamic recrystallisation proceeds on the surface. This kind of dynamic
recrystallisation is caused by more energy on the surface than on the interior due to a
lower temperature and heavier rolling load on the surface.

As discussed above, there are more micro cracks in coarse grain strip. The early
stage propagation of edge crack is a process of competition among various micro
cracks; one of them becomes a dominant propagating crack while the others become
non-propagating cracks. So edge crack propagation in coarse grain will be
decelerated by new cracks originating along the edge of the strip. Some nonpropagating micro cracks and defects were found along the edge where the stress was
distributed and therefore weaker. Part of the energy was absorbed and the stress at
the tip of the micro cracks decreased the propagation of micro cracking was
prevented.

5.4.2.2 Effect of microstructure on edge crack

Figure 5.17 shows the edge crack in cold rolling, (a) micro-crack and (b) edge cracks
along the rolled strip edge. It can be seen that its distribution is in disorder on the
edge of the rolled strip.

(a) Micro-crack

(b) Crack distribution

Figure 5.17 Edge crack in cold rolling.
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Both microstructures are elongated and parallel to the rolling direction. According to
SEM observation of the polished and etched samples, the most preferred site for
crack nucleation in rolled steel was the edge pores. Resistance to fracture drops
rapidly with porosity and the fracture energy of porous materials decreases when the
pore volume fraction exceeds a critical value [164].
The orientation of the micro cracks varied between 0° and 90° to the rolling
direction. Void nucleation accelerates as strain accumulates at the strip edge (more
reduction) during rolling, as indicated in Eq. (5-1). The initiation of most cracks does
not simply pass through the pores but spreads around them, causing the front of the
crack to curve due to the grain boundary barrier. Normally, micro cracks are less
than 50 μm. The initiation of edge cracks of different initial rolled microstructures is
shown in Figure 5.18, (a) is coarse grain and (b) is fine grain.

(a) Coarse grains

(b) Fine grains

Figure 5.18 Edge crack initiation in microstructure.
Here there are more micro cracks in the coarse grains than in the fine grains, where
the former is about 6 per 0.5 mm and the latter is around 4 per 0.5 mm. Various edge
porosities are prone to change into sources of crack initiation at the edge under cold
rolling and gradually propagate towards the bulk of the rolled strip. Inhomogeneous
deformation and large secondary tensile stresses contribute to the initiation of micro
cracks. Fine grain deposits tend to exhibit dislocation, movement, and grain slide
which prohibit crack initiation [164].
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The grain size and boundary have a significant effect on edge cracking and the
density of micro cracks increases with grain size. Therefore, it is much easier to for
cracks to initiate in ferritic rolled microstructures (coarse grain) than hot rolled
microstructures (fine grain).
5.4.2.3 Effect of grain size on fracture strength

Figure 5.19 demonstrates the process of crack propagation schematically. It shows
the formation and development of a typical fracture with cracks corresponding to the
rolled microstructures.

Figure 5.19 The schematically process of crack propagation.
Most of the grains retain a parallel laminated arrangement but micro cracks form
from the void growth along the transverse direction of the weak laminated interface
first [165] during tensile deformation (Figure 5.19(a)). As the tensile stress increases
the micro cracks expand along the weak interface and some orientations, and the
fracture boundary expands in a transverse direction. Subsequently, the crack tip
meets the grain boundary and extends into the other weaker interfaces and
orientations (Figure 5.19(b)). After this, the crack expands through the grains/grain
boundaries with a further increase in tensile stress, while the small crack becomes a
localised delamination crack in the fracture region. Finally, the grains break and
dimples form between the local de-laminated cracks (Figure 5.19(c)).
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During crack initiation finer grain steels have a higher strength of fracture than
coarse grained steels [170]. Typically, the fracture strength σ is a function of the
inverse square root of the grain size d

⁄

,, and this gives the dependence of grain

size on crack initiation where the stress fracture has been determined [171]. The
fracture strength of a material commonly obeys the following relationship to grain
size, which is similar to the Hall-Petch equation:
σ
where k

σ

k k d

⁄

(5-4)

is the slope representing the resistance against slip propagation across a

grain boundary, σ is the frictional stress,

is the coefficient and

is the average

grain size. The fracture strength σ is derived from dislocation theory combined with
classical Griffith theory for a crack initiated around a dislocation pile up at a grain
boundary. When a crack is larger than the grain it would lead to a slope lower than a
critical fracture toughness of

. In coarse grain, the toughness starts at a single

crystalline value and rises to the poly-crystalline value after it has traversed at least
one grain. The peak stress at the crack tip increases with the reciprocal of the root
size, and the maximum size scales with d, and the effective grain size. Both the
Griffith (energy) and Orowon (stress) criteria suggest that the fracture stress
increases with grain refinement according to the Hall-Petch equation [171].
The values of fracture stresses calculated as a function of grain size are shown in
Figure 5.20. It can be seen that over the range of grain sizes, the fracture stress varies
linearly with the reciprocal square root of the ferrite grain size. The fracture strength
increases with a decrease in grain size which will postpone the edge crack initiation.
Refinement of grain size both strengthens a material and improves its fracture
toughness of crack initiation. A similar expression has been developed that relates
the fracture toughness

to grain size by a similar inverse square root dependence

[171].
K

CS

⁄

σ

k d

⁄

(5-5)
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where

is a constant of proportionality and

is the width of the plastic process zone

around the crack tip during crack initiation. The average grain size is a primary
parameter that controls most of the important mechanical properties of rolled strip.

Figure 5.20 Fracture strength with grain size.

Figure 5.21 Fracture toughness with grain size.
Figure 5.21 shows the relationship between fracture toughness and grain size. It can
be seen that the fracture stress varies linearly with the reciprocal square root of the
average grain size. Grain refinement can strengthen its resistance to crack initiation.
Fracture toughness changes from around 53 MPa.m-1/2 to 89 MPa.m-1/2 when the
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average grain size changes from 50 μm to 5 μm. The higher the fracture toughness,
the more difficult is the crack initiation.
Experimental observations show no major edge cracking in low carbon steel until a
total reduction of approximately 85% is reached, which agrees with the results of
Refs [161, 167]. The importance of the initial width to thickness ratio of the material
at the onset of edge cracking is shown in Figure 5.22. Totally reducing cracking acts
as a function of the initial width to thickness ratio of the rolled strip for (1) lubricated
rolling and (2) dry rolling. Cracking decreases with an increase in the width to
thickness ratio, so cracks are easy to initiate in the edge of strip which has a large
width to thickness ratio. An increase in the initial width to thickness ratio will
enlarge inhomogeneous deformation between the centre and edge of the strip during
cold rolling. This will actually cause earlier crack initiation. In addition, lubrication
can improve rolling conditions and reduce cracking.

Figure 5.22 Edge cracking reduction during cold rolling.
5.4.3

Crack propagation

5.4.3.1 Introduction
Although refining the grain should improve resistance to crack initiation in the rolled
strip, such a beneficial effect becomes ineffective under high applied stresses, which
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actually reduces its resistance to crack growth. The effect of stress on grain boundary
slipping and cracking will be more significant for fine grain specimens. This
influence is the transition from strengthening to weakening the grain boundary [15].
Weakening the grain boundary will accelerate the rate at which edge cracks grow.
Moreover, micro-structural barriers such as grain boundaries can be overcome more
easily as the force driving the crack grows and actually retards their control over
crack growth.
Cracks propagate through areas where boundaries of high energy concentrate; indeed
if the stress at this point is sufficient to drive the crack through adjacent grains, it will
propagate or be stopped at the boundary. The growth rate is slower for materials with
larger grain size and the yield strength in tension and compression increases as the
grain is refined. Surface hardness is influenced by grain size, and an inverse
relationship between the hardness and grain size exists [9]. Excessive work
hardening can decrease the resistance to crack growth while a higher rate of crack
growth occurs in fine grained materials. Mechanical properties such as fracture
toughness are also dependent upon grain size. Dislocation generation and movement,
and grain slide and crack formation will absorb the deformation energy, but when the
stress is high, the grain refining process may be ineffective and no use to improve the
ductility of rolled strip. Furthermore, because elongated grains are parallel to the
rolling direction, propagation of the edge crack can be retrained and therefore, larger
elongated ferritic grain from ferritic microstructure increases the resistance to crack
growth.
5.4.3.2 Influence of microstructure on edge crack propagation
Higher load levels lead to larger driving forces which allow small cracks to
overcome microstructural barriers easily. Figure 5.23 shows the propagation of edge
cracks in SEM during cold rolling of thin strip. The edge cracks are approximately
45° to the rolling direction due to the shear stress being at its maximum at the
localised shear planes at 45° to the rolling direction [160, 161].
Figure 5.23(a) and (b) are edge crack propagation for coarse grains (ferritic
microstructure) and fine grains (hot rolled microstructure), respectively. Here the
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propagation is slowing near the crack tip in coarse grain, which in the experiment,
represents about 75 % of the tested workpieces, while propagation in the fine grain is
sharper near the crack tip, which constitutes around 85 % of the tested workpieces.
The blunt crack tip will reduce stress during rolling whereas it will increase in the
sharp crack tip in hot rolled microstructure, and then accelerate the growth of edge
cracks.

(a) Crack tip in coarse grain

(b) Crack tip in fine grain

Figure 5.23 Edge crack propagation in SEM.
As discussed above, grain refinement should improve resistance to crack initiation in
rolled strip, although such a beneficial effect becomes ineffective under higher
applied stresses due to further rolling passes when the grain boundaries are overcome
more easily. There are many micro cracks in coarse grained steel strip. Normally the
propagation of edge crack is a process of competition between different multiple
micro cracks [162]. One of them therefore becomes a dominant propagating crack,
while the other cracks become non-propagating. In this situation propagation of edge
cracking will decelerate by new cracks originating along edge of the strip while some
non-propagating micro cracks are found along the edge.
The redistribution of edge stress will weaken stress concentration on the edge of the
strip. Part of the energy is absorbed and the stress concentrated at the micro crack tip
decreases, and no further propagation of the micro crack occurs in coarse grained
strip. If the stress at this point is sufficient to drive the crack through adjacent grains
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the crack will propagate, or it will be stopped at the boundary. The aspect of
elongated coarse grain is 0.75 before cold rolling and the density of grain boundary
becomes higher with further rolling parallel to the rolling direction. The increase in
density can retrain the edge crack propagation [133]. Therefore, larger elongated
ferrite grain of ferritic microstructure increases its resistance to crack growth.
Figure 5.24 shows the different crack propagation path in coarse grain strips (Figure
5.24(a)) and fine grain strips (Figure 5.24(b)). Cracks in the coarse grain show a
more complicated path with more pronounced deflection and branches than those in
the fine grained material. Therefore the rate of crack growth is reduced due to the
complete change in its direction. In the fine microstructure there is a less tortuous
path of crack propagation than in the coarse microstructure, and a relatively large
rate of crack extension rate is observed with the fine grain.

(a) Coarse grain

(b) Fine grain

Figure 5.24 Crack propagation paths in fine grain and coarse grain.
When the crack plane is perpendicular to these weak planes, the crack tip becomes
blunt and stress is reduced, which effectively toughens the material [167]. This
increase in toughness is attributed to excessive blunting at the crack tip due to the
presence of a high density dislocation. If two microstructures have the same
constrained ductility and one blunts smoothly and the other shows sharper vertices,
the microstructure which blunts the vertices can have substantially higher toughness.
No grain refinement occurs because once the strip is deformed to some extent or total
reduction reaches its critical value, the grain boundaries are obliterated [149]. Figure
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5.25 shows crack propagation during rolling, and the large amount of surface flow
and bending of the grains which have already been parted, and now form part of the
crack surface. This is the localisation of flow within a plastic zone along
characteristic directions, which is effected by an activation of tangential velocity
discontinuities along the characteristics. Local slip is concentrated at 45° from the
crack plane.

Figure 5.25 Edge crack propagation during cold rolling.
5.4.3.3 Crack tip analysis
A cohesive model can be used to describe the crack tip during cold rolling.
Resistance to crack growth in elastic plastic materials dominated by crack-tip
plasticity was analysed with the crack modelled as a cohesive zone [168]. Cohesive
traction acts all along the fracture zone, as shown in Figure 5.26.
The area around the edge crack was divided into the inactive plastic zone, the
cohesive zone, the active plastic zone, and elastic singularity zone. In addition,
within the region of deformation there are three sub-tips, physical crack tip,
numerical crack tip, and mathematical crack tip. At point A the material has
completely separated and the traction has disappeared, which represents the physical
crack tip. Mathematically, crack tip can be assumed to be located at point C where no
material separation takes place. From a physical perspective the crack tip should be
located at a point where the peak cohesive stress is represented by point B. The
energy from point C up to point B is being spent in the area between B and C.
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A: Complete material separation; B: Numerical crack initiation; C: No material separation

Figure 5.26 Crack tip zone distribution.
The fracture process zone is typically embedded within the plastic zone. Local
stresses ahead of the crack tip are sufficiently intense to rupture atomic bonds and
create a new free surface. Micro cracking accelerates enough to reduce the grainboundary cohesion which causes crack propagation when the high tensile stresses act
on the grain boundary plane [168]. Consequently cracks do not change their overall
orientation when crossing former grain boundaries. The transformed zone which
develops in front of the crack tip can be deviated from the direction perpendicular to
the rolling direction when it meets the grain boundary. An increase in the stored
energy after crack initiation indicates that the impingement of slip lines against grain
boundaries continues during the crack growth stage.

Sharp crack tip (fine grain)

(b) Blunted crack tip (coarse grain)

Figure 5.27 Schematic illustration of crack tip in the numerical simulation.
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Figure 5.27 shows the schematic illustration of the crack tip during numerical
simulation. If the stress is insufficient, the crack will be stopped at the boundary and
become blunt into a ductile rupture void.
Figure 5.28 shows the mean stress variation in relation to the distance to the crack tip
around the area of the crack tip. Here the mean stress increases with the distance to
crack tip and then decreases dramatically. The mean stress in fine grain is higher
(176 MPa) than in coarse grain (163MPa) due to more stress under various shaped
crack tips. Therefore, the rate of crack growth in fine grain is faster than in coarse
grain due to higher stresses during further rolling. An increase in the size of
microstructure results in a decrease in the rate of crack growth. This reduction in the
rate of crack growth was explained by a microstructure-dependent mode of growth
that involved crystallographic bifurcation, i.e. the larger grain size permits larger
bifurcation and thereby decreases the rate of crack growth [29].

Figure 5.28 Distribution of stress in crack.
5.4.4

Summary

Fine grain deposits tend to exhibit dislocation generation and movement and grain
slide, thereby prohibiting crack initiation. The grain to boundary geometry could be
one of the key factors that retards cracking at the boundary. The grain boundary
tends to affect plastic deformation in metals because the volume fraction of the grain
boundary increases as the grain is refined, so a fine grained structure resists cracking
due to a higher grain boundary area per unit volume.
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1)

The fine microstructure resisted cracking better than the coarse
microstructure.

2)

The coarse grain microstructure resisted crack propagation better than the
fine microstructure.

3)

The fracture toughness of the material increases as the average grain size
decreases, so it is not easy for edge cracks to initiate if the grain is finer.

5.5
5.5.1

TEM and EBSD experiments
TEM analysis

Figures 5.29 and 5.30 show the microstructures around the edge crack tip and uncracked area, respectively. The dark area is the position of the crack tip, where there
is a higher density of dislocations. These concentrated dislocations are forming a slip
band in the same direction as the crack propagation.

(a) Crack tip zone

(b) Crack tip side

Figure 5.29 Microstructure around edge crack tip.
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(a) Strip centre

(c) Near strip edge

(b) Near the strip centre

(d) strip edge

Figure 5.30 Microstructure in un-cracked area.
It also can be seen from Figure 5.30 that there is inhomogeneity in the microstructure
which may generate cavities and contribute to the crack propagation’s potential
direction [173-175].
5.5.2

EBSD analysis

Microstructure near crack tip is shown in Figures 5.31 and 5.32. Near the crack tip
there are three areas with different grain shapes and conditions. The first area is
normal grain which maintains large size.
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Micro-crack
Crack tip

=20 µm; BC; Step=0.2 µm; Grid401x301

Figure 5.31 Edge crack tip area with EBSD.

Broken grain area (or
new smaller grain)

Stretched grain area

Large grain area

Figure 5.32 Edge crack tip area (colourful grain boundary).
In this workpiece the grain shape and thickness are like those without cracks. No
large extension occurs in these grains as shown in Figure 5.32. The second area is
stretched grain where the grain is stretched to a fabric. The thickness of sample will
obviously decrease. The third area is new grain where the grain is broken into many
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smaller grains. This is the thinnest and weakest area in the workpiece. From the two
figures it can be seen that micro cracks often appear in the boundary of either two
different areas of grains because here they are not homogeneous and deformation
incompatibility will happen, and the stress homogeneity could not be met. As
deformation increases some micro cracks appear but if the reduction increases any
further, they will develop and become larger. Furthermore, some neighbouring micro
cracks have made contact to form a macro crack tip. Then, a macro crack forms.

Figure 5.33 Pole figure from the scatter data.

Figure 5.34 Pole figure with colour and contour lines.

The pole figures are shown in Figures 5.33-5.37. There are some cubic texture
({001}<100>) and Goss texture ({011}<100>) formed in the sample, and a few
copper texture ({112}<111>). This agrees with the microstructure of the sample
(edge crack tip area). With BCC, if there is no cracking after rolling, the normal
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texture is Goss ({011}<100>) and a few copper textures ({112}<111>). However, in
this case some cracks occurred at the edge of the sample, and some grains broke into
smaller grains after a larger extension. As usual, these new grains formed a cubic
texture {001}<100>. So in the pole figure {001},{110},{111}, the cubic texture and
Goss texture are obvious. A few copper textures also appear in these pole figures.
With an increase of reduction, a crack will quickly develop and many new smaller
grains will be formed from the larger broken grains, so the cubic texture will become
much sharper and stronger [176-177].
EBSD shows that crack initiation often occurs some distance ahead of the crack tip,
where the elastic-plastic stress field produces a maximal tensile stress and intense
local stress. In ferrite steel cracks propagate on {100} planes, which terminate at the
grain, packet, or block boundaries.

{100}

Y0

{110}

{111}

X0

Pole Figures
[text1.cpr]
Iron bcc (old) (m3m)
Complete data set
94372 data points
Equal Area projection
Upper hemispheres
Half width:10°
Cluster size:5°
Exp. densities (mud):
Min= 0.03, Max= 6.74
2

Figure 5.35 Pole figure with contour line.

Figure 5.36 Verse pole figure from scatter data.
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Figure 5.37 Verse pole figure with contour line.

5.6

New findings

Experimental research and mechanical analysis were carried out to investigate how
the microstructure influences the evolution of edge crack of thin strip during cold
rolling. The effects of initial microstructure on edge cracks were obtained.
1)

Edge cracking was found to be sensitive to the size of grain size in the
microstructure.

2)

Finer grain structure can increase the range of an increased threshold
stress intensity factor and decrease the rate of crack initiation. The grain
boundary is a barrier for edge crack initiation.

3)

Coarse microstructure resists crack propagation better.

4)

Sheared edge and lubrication rolling can delay edge cracking and its
propagation.

5)

TEM shows there are high density dislocations around the edge crack tip,
and the inhomogeneous structure in an uncracked area is a potential
direction for crack propagation.

6)

EBSD shows there is plastic deformation before fracture. Initiation often
occurs some distance ahead of the crack tip, where the elastic-plastic
stress field produces a maximal tensile stress, and at a site of intense
local stress concentration. In ferritic steel cracks propagate on {100}
planes, which terminate at the grain, packet or block boundaries.
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CHAPTER 6

ANALYTICAL MODELLING OF EDGE CRACK

6.1

Introduction

Due to the complexity of edge crack evolution, it is necessary to use an analytical
model to analyse crack formation and verify the experimental results. The effect of
crack interaction was established using the idea of non-uniform stress distribution
along a potential crack plane originating from an edge crack [56, 86]. Various
approaches to describe this phenomenon have been proposed, including the stress
intensity factor, the energy release rate, J-integral, the void-nucleation-growthcoalescence models, and continuum damage mechanics modes, etc [178, 179].
The stress intensity factor (SIF), characterising the contribution of singular stress
[180, 181], is a key parameter in fracture mechanics based on material
characterisation and assessing the integrity of a structure. Consequently, determining
the SIF has attracted the attention of many researchers. The stress intensity factor
depends on the geometry of the component and special loading conditions because
fractures develop and stress continues to drop after the onset of void coalescence.
Therefore, after a local fracture begins, any further damage redistributes the stress
and automatically induces propagation as long as the coalescence criterion is
exceeded, and extensions to large cracks can be simulated continuously. One
analytical procedure is the weight function technique where a fracture in a cracked
structure is dominated by the stress field near the tip.
Many methods for determining the stress intensity factors and for analysing cracks
during metal forming have been developed, such as [179]:


Method of complex stress function
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Method of conform mapping



Integral transformation method



Weight function method



Finite element method



Boundary collocation method

There is a strong relationship between a fracture in a rolled strip and the stress field
near the crack tip. The main purpose of the proposed research in this chapter is to
obtain an analytical solution for SIF’s for edge cracks in cold rolling of thin strips
using the weight function. The following sections are a detailed study applying the
weight functions to determine the stress intensity factor. In addition, a satisfactory
coupled constitutive relationship should not only describe the initiation and
propagation of fracture, it should also check the efficiency of the fracture criterion.
The demand for high quality products is a key point in manufacturing industries. The
finite element analysis (FEA) is an effective simulation tool that has been widely
used for metal forming. A finite element analysis was performed to pay special
attention to perfectly plastic idealisation in order to clarify some details about how
rolling parameters affect edge cracks.

6.2

Weight function analysis

A very important material property, called fracture toughness, is introduced as a term
of the SIF. Fracture toughness expresses the resistance of a material to ductile
fracture, and is widely used in design applications. Most crack problems of
engineering interest primarily involve Mode I [37, 38]. Stress intensity factors for
cracks in a given workpiece depend on its geometry, including its global geometry
and crack geometry, and the loading and boundary conditions.
6.2.1

Introduction

Cracks in a structure often cause it to suddenly and quickly fracture due to high
stresses near the crack tip. A great deal of research has been carried out to understand
the fracture mechanism concentrating around crack tips [60, 64]. These factors define
the stress field close to the crack tip and provide fundamental information on how it
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will propagate, and the complicated nature of this problem is instantly recognised
when trying to calculate its stress intensity factor because it not only depend on the
geometrical characteristics of the cracked body, but also the loading, i.e. surface
traction and body forces, which may complicate its distribution near the crack tip
[130]. The idea of the weight function for calculating the stress intensity factor
stemmed from the fact that it is generally much simpler to compute the stress field in
a workpiece [142]. Bueckner [179] showed that for a one-dimensional crack loaded
symmetrically, the stress intensity factor can be expressed using a weight function.
With an emphasis on the generation of stress near the crack tip during propagation,
the relationships between the generation, acceleration, and deceleration were
investigated, respectively. A weight function exists for any crack problem specified
by the geometry of the component and type of crack. If this function is known, the
stress intensity factor can be obtained by multiplying this function by the stress
distribution and integrating it along the length of the crack where the elastic-plastic
behaviour at the crack tip greatly influences its propagation. Currently, an effective
stress intensity factor range after the crack tip ∆K

has been opened can be defined

as a parameter that contributes to its propagation [146].
6.2.2

Theoretical analysis

Figure 6.1 shows the stress in front of a crack schematically.

Figure 6.1 Schematic of stress in front of a crack.
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σ
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√
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(6-1)

where r and β are polar coordinates shown in Figure 6.1. The angular functions are:
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6.2.3
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0

0 (plane stress)

(6-5)
(6-6)

Crack opening analysis

The characteristic shape of a crack is shown in Figure 6.2, which includes its opening
area, open displacement, and profile [179].

Figure 6.2 Crack shape characteristic.
Crack opening area:
A

1.258

σπ
E

(6-7)
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Cracl profile:
δ x
D

6.2.4
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δ

δ 0

1.454

(6-8)
0.224

E

(6-9)
(6-10)

Weight function

The weight function method [58, 179] has proven to be the most efficient method for
calculating SIFs, where all the required information to determine the weight function
for a given geometry and boundary condition is completely stored in one set of
solutions for the stress intensity factor K, and the displacement field. Reference
solutions for the stress intensity factor therefore play an important role in
determining the weight functions. If the weight function for the configuration of a
given cracked body is known, the SIF due to an arbitrary stress field can be
determined by integrating the product of the weight function and the stress field
applied over the crack domain.
The analytical weight function for an edge crack in a finite width plate was given in
Ref. [92]. It is important to note that only the stresses in the uncracked component
near the crack contribute to the stress intensity factors. The weight function is
efficiently attained from the solution to a reference stress intensity factor and the
corresponding displacement field. However it should be noted that the weight
function method assumes superposition, and then in turn assumes linearity and linear
elasticity. Because cold rolling is a heavy plastic deformation process, the application
of the weight function is not common. In this study, the weight function is selected
based on trial and error in the analysis of edge crack evolution.
Most of the numerical methods require a separate calculation of the stress intensity
factor for each given stress distribution and each length of crack. The weight
function procedure developed by Buckner [179] simplifies the determination of
stress intensity factors. If the weight function of a crack in a workpiece is known, the
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stress intensity factor can be obtained by multiplying this function by the stress
distribution and integrating it along the length of the crack. The weight function
method was originally proposed for one-dimensional crack problems (edge or
through cracks). Calculating the stress intensity factor for a given crack geometry
under any applied load is equivalent to calculating the stress intensity factor for the
same crack geometry with the corresponding stress distribution

, acting on the

surface of the crack. The stress intensity factor for a cracked body with loading on
the surface can be calculated by integrating the product of the weight function
m x, a , and the stress distribution

, on the crack plane:
,

(6-11)

The weight function m a, x only depends on the geometry and boundary conditions
of the cracked body. Once the weight function has been determined, the stress
intensity factor for this geometry can be obtained from Eq. (6-11) for any stress
distribution,

. Mathematically, the weight function, m x, a , is a generalised

Green’s function for the present stress intensity factor problem [127]. The weight
function m x, a as:
,

where
,

,

(6-12)

is the stress acting on the surface or crack-line stress from superposition;
the Crack-opening displacement (COD) under reference loading;

reference stress intensity factor;

the half-crack length, and

the

Yong’s modulus.

For a one-dimensional crack, the stress intensity factor at any cracked body loaded
by surface tractions [179],
,

(6-13)

where K and u are the reference stress intensity factor and corresponding crack
face displacement, respectively. The integration has to be performed over the length
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of the crack. The weight function m x, a does not depend on a special stress
distribution, but only on the geometry of the component.
For a given problem, an appropriate reference stress intensity factor K can often be
found in the literature or by numerical calculation. However, the corresponding
analytical expression for the crack opening displacement function u x, a is more
difficult to obtain because it is a field function which varies along the length of the
crack and is seldom published with the stress intensity factor solutions. To overcome
this difficulty, several researchers [40, 127, 179] proposed approximate expressions
for the displacement u x, a , or the weight function, m x, a , which can be
evaluated only when combined with reference stress intensity factors.
The energy-balance condition states that the energy released as a crack grows from
zero length to full length, is equal to the work done by the load acting on the crack
surfaces [65]. For one-dimensional edge cracks, the stress intensity factor K is the
stress intensity factor which expresses as [181]
K
where

σ √πaF a⁄w

(6-14)

is the crack length, w and σ are the width of the workpiece and

characteristic stresses in the workpiece. F is the function of the ratio of the crack
length to the width of the workpiece and the type of applied load.
Weight function can be expressed in the following equation [179]:
m x, a

D
ρ

where
6.2.5

and

1

ρ

x⁄a

D 1

ρ

⁄

(6-15)
(6-16)

are the correction coefficients.

Results and analysis

During cold rolling cracks begin at the edges of the strip due to inhomogeneous
deformation and large secondary tensile stresses. Some of the reasons why these
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cracks propagate include material ductility, inhomogeneous deformation with an
uneven edge profile, and transverse variations in stresses [1]. Edge cracking is first
manifested as small cracks which propagate across the strip in subsequent passes,
and then the bulks of the rolled strip. Figure 6.3 shows a sketch of thin strip rolling
with edge cracks.

Figure 6.3 Sketch of thin strip rolling with edge cracks.
At the entry to the roll gap (m-m’ position), the crack widens as the front edge moves
into the roll and is dragged towards the gap at the same time as its direction is rapidly
changed from horizontal to parallel to the tangential velocity of the roll [124]. During
the process between the plane m-m’ and n-n’, the now wider angle in the crack
decreases and longitudinal stress develops as the crack approaches the bite because
the surface of the strip stretches. At the exit (n-n’), the angle is slightly increased
once again but because the rear of the crack is still at the contact with the roll, its
movement is retarded because of friction. During rolling an edge crack endures
opening, closing, and opening again. In addition, thin strip rolling usually causes
uneven thickness across its width or wavy edges either side from the touch and
deformation of the edges of the work roll beyond the strip [26]. Elastic bending of
the work roll from high deformation resistance of the rolled strip creates tensile stress
at the edge of the strip and generates compressive stress at its centre, which causes
the cracks to extend onto the edges of the strip during rolling.
Analysing the initiation and propagation of a crack is complicated by the nonuniform state of stress and singularity at the tip, while large cracks may be deeper
and extend beyond the maximum depth of shear stress. Due to this inhomogeneous
deformation in the thickness, stresses become much higher, especially thin strip
rolling where work rolls bend during rolling and make contact at both ends, which
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enlarges this inhomogeneous deformation. Edge cracks are usually parallel to the
direction of thickness and approximately 45° to the rolling direction. Concentrated
stress can generally increase the number and size of edge cracks during rolling.
Since the rate of crack growth is related to the effective stress intensity factor (SIF) at
the tip, an evaluation of SIF’s for a given crack is an important step in analysing
⁄

rolled strip containing stress concentrations. The geometry coefficient,

,was

estimated by using Eq. 6-17 which is developed from Ref. [179] based on thin strip
rolling while considering the finite specimen size correlation factor

/

, where

a and w are the crack length and strip width, respectively.

0.026778(0.427103  a w) 2.73895  0.26514 a w  0.72475
F (a / w)  1.988
(6-17)
 (1  a w) 3 / 2
where thin strip is taken into account and  is chosen as coefficient ratio.
6.2.6

Discussion

In this study, the tensile stress can be obtained by Eq. (4-11). The SIF solution is
proposed in this research on edge cracking in thin strip. The value of the geometric
function F (a w) increases with the crack depth shown in Figure 6.4.

Figure 6.4 Variation of geometry with crack depth.
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Figure 6.5 Relationship between the weight function and position.
Figure 6.5 shows weight functions for edge crack with ⁄

0.3 where it can be

seen that the weight function decreases with the distance to the crack tip but then
increases significantly when the position is closer to the crack tip.

Figure 6.6 SIF variations with crack growth.
To analyse the conditions for crack propagation, variations in the stress intensity
factor over time should be compared with fracture toughness characteristics. The
fracture toughness may increase as the crack extends before it reaches a saturated
value [100]. Crack propagation takes place once the SIF at the tip reaches the critical
fracture toughness. Figure 6.6 shows the effect of SIF on crack growth. It can be seen
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that the SIF increases with an increase in crack growth. The SIF increases from 43
MPa.m1/2 to around 66 MPa.m1/2 when the crack growth changes from 0.5 to 2.5 mm.
This linear increase in the intensity of the stress may be seen when a crack grows
longer than 2.5 mm. This linear relationship shows that the interaction between the
SIF and crack growth becomes more significant. The calculated SIF are consistent
with previous research by Sakamoto et al. [147]. A better understanding of stress
levels in the crack tip can be obtained through stress intensity factors.
6.2.7

Summary

Cracks in metal products lower the quality and productivity of thin rolled strip
significantly. The stress intensity factor (SIF) solution to defective edge cracks in
thin strip during cold rolling was investigated. The effective range of the stress
intensity factor is important because it represents the major physical cause of crack
growth. The present study provides insights into the mechanics of edge crack growth
that has frequently been seen during thin strip rolling. The efficiency and reliability
of the SIF analytical modelling has been demonstrated. The weight function
decreases with the distance to the crack tip but it increases significantly when the
position is closer to the crack tip. The proposed method for predicting edge crack in
rolling provides insights into the mechanism of edge crack growth.

6.3

Finite element modelling

Practice has shown that the final shape of a deformed workpiece depends on the
shape of the tooling and the properties of the material [1-3]. The material is reduced
in thickness by compressive forces applied onto it by two opposite rolls. The rolls
rotate to simultaneously stretch and press the metal sheet between them. Due to the
complexity and difficulty of ductile fracture in cold rolling the finite element method
(FEM) is a widely used and effective technique.
6.3.1

Introduction

During crack analysis several fracture criteria must be incorporated into the coupled
constitutive law to define the new damage variables and determine the critical values
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at which the material fractures. Typical fracture initiation in large structures involves
material and geometrical non-linearity [46], and therefore little can be done
analytically so a numerical approach is included in most engineering applications.
With the increasing computational power of modern computers, the non-linear finite
element codes are used to deal with more complicated problems such as fracture
[182-186]. In this study, FEA approach was proposed to model crack evolution.
The onset of fracture is determined according to fracture criteria that use classical
constitutive laws. Using the finite element method and fracture criteria enables
numerical predictions of where and when factures will occur. The fracture event and
its initiation sites are obtained. Maps of each cumulative fracture criterion are
computed and a crack occurs where one criterion reaches or exceeds its threshold
value [93]. This is a good approach when the redistribution of stresses caused by
damage can be omitted, and is generally sufficient to analyse most fracture
initiations. A detailed finite element analysis of crack initiation and stable crack
extension is performed under the Mode I plane stress and small scale yielding
conditions [104]. The stress around the crack tip is analysed and the rolling
parameters and initial size of the crack and its propagation were investigated using
the FE model. The results of these simulations show that the edge cracking can be
minimised by optimising the rolling schedule, and the formability of cold rolled thin
strip can be improved.
6.3.2

Model analysis

6.3.2.1 Theoretical analysis
Cold rolling strips are based on plastic deformation which means that care must be
taken to ensure that the dimensions of the final thickness of sheet are uniform. FE
models generated in ABAQUS are usually non-linear and can involve many
variables. In the term of these variables, the equilibrium equations [28] can be
obtained by minimizing the following functional:
V

σ δε dV

SP

p δv dS

(6-18)
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δε

δv ,

δv ,

(6-19)

where v is the velocity vector, ε is the strain rate vector, δv is virtual velocity, p
is the external force,

is a volume occupied by part of the body, and

is the

surface bounding this volume. The true velocity field v satisfies the minimum of the
functional, that is
δ

0

δ

(6-20)

6.3.2.2 Fracture modelling
Predicting the limits of fracture and formation during rolling in order to identify
where deformed strip may lead to ductile fracture is very important. The empirical
hypothesis of ductile fracture is that it occurs when the maximum damage of rolled
strip exceeds a critical value. A criterion for ductile fracture from the equations of
plasticity theory for porous materials was proposed as the following equation [10]:



f
0 (

where

and

h
 A)d  C


(6-21)

are the material constants,  h the hydrostatic pressure,  the

effective stress,  f the effective strain at fracture. Here, ductile fracture depends on
the plastic deformation of the material. Whenever an element reaches  f , it begins to
experience damage and step by step loses its load carrying capacity until the stiffness
of the element is completely gone. Edge crack initiation and propagation are
represented by the elements removed. Any cracks on the surface of the slab are stress
concentrators that can ultimately destroy the material during rolling. The possibility
of further crack growth in slab rolling was assessed using the Cockroft-Latham
criterion [32], which enables the location where destruction with tensile stresses to be
predicted.
6.3.2.3 Modelling
SEM micrograph of the edge crack during cold rolling is shown in Figure 6.7 where
small edge cracks that began from the side of the rolled strip can be seen.
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Figure 6.7 SEM micrograph of edge crack.
They are located approximately 45° to the rolling direction. The distance between
adjacent cracks varies along the rolling direction. The edge cracks are oriented this
way because the shear stress has its maximum value along localised shear planes at
45° to the rolling direction. At the same time the lateral component of the material
flow decreases while the longitudinal component increases, which opens the crack up.
In a multi-pass schedule when the edges of the plate are free to spread, they are not
compressed by the rolls, but are forced to elongate with the bulk of the steel to
maintain continuity, and secondary tensile stresses induced by uneven deformation
are enough to form edge cracks [16]. Figure 6.8 shows the mesh of an edge crack in
thin strip after cold rolling. The crack is described by the opening angle near the tip,
and its depth and width.

Figure 6.8 Modelling of edge crack during simulation.
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6.3.3

Material models and simulation conditions

An appropriate length and shape of an idealised crack must be assumed, and can for
instance be the largest possible crack that may pass quality inspection. When the
crack has grown further into the workpiece a compact tension can be used to estimate
its growth rate at a given length. Stress at the tip of a crack during cold rolling was
analysed based on the 3D finite element method, and the rolling parameters,
coefficient of friction, and how the initial size of a crack affects its propagation, were
investigated. The work was to study whether to eliminate cracks or to minimise their
deteriorating influence by cold rolling.
Strip with an initial edge crack was used in this study. The rolling speed of the work
roll was 0.24 m/s, the strip was initially 1.5 mm thick and 100 mm wide, and the pass
reduction was 10 - 30%. The main simulation parameters are listed in Table 6.1.

Table 6.1 Main simulation parameters in rolling process
Items
Roll

Initial crack size
Friction condition

Parameters

Value

Young’s modulus, GPa

210

Poisson’s ratio

0.3

Density, kg/m3

7850

Roll diameter, mm

63

Depth/width, mm

1.5/0.4, 2.0/0.7, 2.5/1.1

Crack tip opening angle, °

15, 20, 25

Friction coefficient

0.05, 0.08, 0.1

Three dimensional FE analyses were conducted using ABAQUS software [187]. A
quarter of the rolled strip was selected for analysis by utilizing the symmetrical
condition with 250×50×1.5 mm in rolling, transverse, and thickness directions,
respectively. The element used for the strip was C3D8R (8 NODE linear brick), and
the finite element mesh in the sample includes 109,720 nodes and 81,132 elements
with refined elements around the edge crack to improve the accuracy of the
simulation. When rolling the roll rotates with a stable angular velocity and strip
enters the roll with an initial velocity and exits under the frictional force. Shell
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elements were used for describing the rolls, which are assumed to be rigid. The roll
strip was modelled as a three dimensional deformable solid with elastic-plastic
properties and a surface-to-surface contact between the roll and the strip was defined.
Edge cracks occur during thin strip rolling and affect the qualities of the rolled strip
and productive rates due to material losses during trimming of defective edges. A
three dimensional FE model to simulate edge crack propagation during cold rolling
was developed. The evolution of edge crack during rolling is complicated, but is
thought to be due in part to local tensile stresses that occur in the rolled strip. The
stress field around the tip of an edge crack was investigated and the effects of rolling
parameters and its initial size on propagation were analysed. The results of the
simulation show that the rolling parameters play an important role in propagating
edge cracks. An investigation into edge crack propagation based on FE simulation
resulted in a better understanding and the optimum rolling schedule to obtain crack
free products in while cold rolling of thin strip has been discussed. Increasing
damage from void nucleation and growth plays a major role in yielding defects and
ductile fracture in the workpiece [2].
6.3.4

Results and analysis

The simulation was conducted with cracks of different sizes and under various
rolling conditions. The distribution of stress was analysed and the way the coefficient
of friction, roll diameter and initial size of a crack affected its propagation were
discussed.
6.3.4.1 Stress distribution
Figure 6.9 shows the distribution of mean stress across the width of rolled strip. Here
the stress increased from the centre of the strip to the edge, reached its maximum
value 5 mm from the edge, after which the stress decreased. Stress around the edge
influences the edge crack extension significantly, and accelerates its propagation.
Edge cracks relieve stresses in the inlet but once the crack moves into the bite the
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stress rises again. There is tensile stress under the roll in the longitudinal direction
near the edge, where the stress concentrates and the edge crack propagates.

Figure 6.9 Stress distributions during cold rolling.

6.3.4.2 Influence of the coefficients of friction
During rolling, lubricating oil is forced into the crack by the rotating rolls to reduce
friction between the roll and the strip. Well lubricated rolling results in near
homogeneous deformation, lowers the slope of the strain path by reducing stress at
the tip of the edge crack and inhibits its propagation.

Figure 6.10 Influence of friction coefficients.
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Figure 6.10 shows the variations in the width and depth of the crack during rolling,
under various coefficients of friction. The effects of the coefficients of friction on
edge cracks were conducted under 0.05, 0.08 and 0.1, respectively. The width of a
crack increased significantly when the coefficient of friction was high, and large
friction shear stresses widen the crack even more, although friction did not affect the
depth of an edge crack. According to the analysis, it should be possible to improve
rolling conditions by decreasing the coefficient of friction with lubricated rolling.

(a) Crack size with pass reduction

(b) Ratio variation of crack width/depth

Figure 6.11 Influence of pass reduction on crack size.
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6.3.4.3 Influence of reduction
The influence of pass reduction on the sizes of cracks is shown in Figure 6.11. The
coefficient of friction remained a constant 0.2. The crack grew larger as reduction
increased because this causes more inhomogeneous deformation between the centre
and the edge of the strip.
Figure 6.10(b) shows that as the pass reduction increases from 10 to 30 %, the ratio
of crack width to depth changes from 0.48 to 0.54. Rolling during heavier reduction
increases the stress in the materials near the crack tip, and causes the crack to
propagate.
6.3.4.4 Influence of the size of an edge crack
The schedules were investigated to analyse how the size of a crack influenced its
growth under the same pass reduction and coefficient of friction. The influence of
various size cracks on their propagation is shown in Figure 6.12.

(a: w/h=0.4/1.5, b: w/h=0.7/2.0, c: w/h=1.1/2.5)

Figure 6.12 Influence of initial crack sizes on crack depth.
Three cracks with a depth/width of 1.5/0.4, 2.0/0.7, and 2.5/1.1 respectively, were
analysed and reveals that the depth of a crack increases with each rolling pass. As the
crack increases from its initial size, it grows significantly. So does the angle at the tip
of the crack with each rolling pass, but when the angle reaches around 28° it then
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remains a constant. When the strip is moved into the rolls its velocity rapidly changes
from horizontal to parallel with the tangential velocity of the roll, and the edge crack
is widened.
6.3.5

Summary

The stress field around the edge of a crack tip was investigated and the effects of the
coefficient of friction, initial size of the crack, and reduction in its propagation were
analysed. The FE simulation gave a good understanding of crack growth at the edge
of thin strip, and could be helpful in developing cold rolled strip with high
performance mechanical properties.
1)

The finite element method is proposed to simulate edge crack
propagation during cold rolling of thin strip, and the results show that
increasing the pressure around the edge of a strip accelerates edge crack
propagation.

2)

The influence of the coefficient of friction on the width of a crack is
significant.

3)

More reduction causes more inhomogeneous deformation between the
centre and edge of a strip which affects the extension of edge cracks
significantly.

4)

Light pass reductions and lubrication are recommended as a means of
reducing the propagation of edge cracks.

5)

The optimum condition for eliminating defects was discussed and the
proposed method for predicting edge defects can be utilised to make
defect free products in rolling processes. The results of numerical
modelling through the finite element method reveal a good compliance
with those from laboratory rolling.

6.4

New findings
1)

The effective range of the stress intensity factor is important because it
represents the major physical cause of crack growth. The present study
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provides insights into the mechanics of edge crack growth that have been
frequently observed during thin strip rolling.
2)

The efficiency and reliability of SIF analytical modelling have been
demonstrated. This is the first time SIF has been used to analyse the
stress around the crack tip during cold rolling of thin strip. The weight
function decreases with distance to the crack tip, but its value increases
significantly when it is closer.

3)

A new method to simulate the propagation of edge cracks when cold
rolling of thin strip by the 3D finite element method is proposed. The
increasing pressure around the edge of the strip accelerates the
propagation of edge cracks.

4)

The influence of the coefficient of friction on the width of a crack is
significant.

5)

More reduction in strip thickness causes more inhomogeneous
deformation between the centre of the strip and the edge which affects
edge crack extension significantly.

6)

Light pass reductions and lubrication are recommended to reduce the
propagation of edge cracks. The results from the simulation provide
further important information for improving the quality of rolled strip
edges.

7)

The proposed method for predicting edge cracks is useful for producing
defect free products in rolling and provides insights into the mechanism
of edge crack growth.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

7.1

Introduction

The present study has applied experimental method to examine the characteristics of
edge cracks in cold rolling of thin strip. The rolling parameters and initial
microstructures have been investigated to identify their effects on the evolution of
edge cracks. Topographic features of the edge crack surface, deformation
characteristics and their effects on edge cracks were analysed under various rolling
conditions. SEM and AFM were used to investigate the features of rolled strip with
edge cracks. A controlled rolling procedure is expected to give a better understanding
of the characteristics of edge cracks during cold rolling of thin strip.

7.2
7.2.1

General Conclusions
Effects of rolling parameters on edge cracks

Through the experiments, the effects of reduction, rolling speed on rolling forces,
torques and strip cracks were investigated and the following new results were
obtained:
1)

The crack size on the break area produced by a worn trimmed edge is
much larger than that at the cut area, and the quality of break surface
affects the growth of edge cracks.

2)

The differences in the cracks on both edges of a strip are almost
unnoticeable, although they both increase moderately after each rolling
pass. From pass 7, the crack at the bottom of the edge extends more
quickly than the one on the top edge.
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3)

The crack increases with the ratio of edge drop which indicates that the
strip edge drop has a significant effect on the cracks.

4)

The cracks vary with reduction. When total reduction reaches about 85 %
(in this experiment the thickness was about 0.15 mm), the edge crack
increased significantly. The reduction distribution had a significant effect
on the edge crack, and the study shows that they increased quickly with
pass distribution, from pass 7.

5)

The influence of rolling speed on edge cracking was unremarkable from
passes 1 to 6, but as these rolling passes increased the cracks extended
very quickly with the rolling speed (after pass 7). High rolling speed
causes a rather large edge crack.

6)

The height of the cut and break areas decreased as the total reduction
increased or rolling proceeded at a rolling speed of 0.18 and 0.24 m/s.
When reduction reaches between 70 and 80 %, the height of the cut and
break areas was almost the same. With an increase of the rolling speed or
worn blade, the cross point can be reached under smaller total reduction.
The height of the cut and break areas reduces with total reduction, but the
height of the cut part deceases much more than the height of the break
part.

7)

AFM and SEM observations confirm that the edge cracks originate from
porosity and surface roughness grooves. A higher surface roughness acts
as a source of crack initiation and increases the stress concentration
during edge cracking.

7.2.2

Effects of microstructures on edge cracks

Experimental research and mechanical analysis were carried out to investigate how
microstructure affects the development of edge cracks in thin strips during cold
rolling. The effects of initial microstructures on edge cracks were obtained.
1)

Edge cracking was found to be sensitive to the size of the grain in the
microstructure. Finer grain structure increased the threshold range of the
stress intensity factor but decreased the rate of crack initiation. Grain
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boundary is a barrier for edge crack initiation and a coarse microstructure
resists crack propagation better.
2)

A sheared edge and lubrication can delay the initiation and propagation
of edge cracks.

3)

TEM shows that there are high density dislocations around the tips of an
edge and the inhomogeneous structure in a non-cracked area is potential
direction for crack propagation.

4)

EBSD shows that there is some plastic deformation prior to fracture.
Initiation often occurs some distance ahead of the crack tip, the elasticplastic stress field produces a maximal tensile stress, and where there is
intense local stress there. Cracks propagate in ferrite steel on {100}
planes which terminate at the grain, packet, or block boundaries.

7.2.3

Analytical modelling

The proposed method for predicting edge cracks is useful for producing defect free
products in strip rolling, and provides insights into the mechanism of edge crack
growth.
1)

Cracks in metal products significantly decrease the quality and
productivity of thin rolled strip. The stress intensity factor (SIF) solution
to edge crack of thin strip during cold rolling was investigated in this
study.

2)

The effective range of the stress intensity factor is important because it
represents the major physical cause of crack growth. The present study
provides insights into the mechanics of edge crack growth that have
frequently been observed during thin strip rolling.

3)

The efficiency and reliability of SIF analytical modelling have been
demonstrated. The weight function decreases with distance to the crack
tip, but the value increases significantly when the distance is closer to the
crack tip.
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4)

A new 3D element method for simulating the propagation of edge crack
when cold rolling is proposed. The increasing pressure around the edge
of the strip accelerates the propagation of edge cracks.

5)

The coefficient of friction across the width of a crack affects its evolution
significantly.

6)

More reduction causes more inhomogeneous deformation between the
centre and edge of a strip, and also extends the edge cracks significantly.

7)

Light pass reductions and lubrication reduces the propagation of edge
cracks, and is therefore recommended. The results from the simulation
provide further important information for improving the quality of rolled
strip edges.

8)

The optimum condition for eliminating defects is proposed, and the
method for predicting surface defects can be utilised to make defect free
products during rolling. The results of finite element numerical
modelling revealed that they complied very well with the ones from the
laboratory.

7.3

Future work

Edge cracks play an important role in the quality of thin strips. Understanding how
they evolve and what factors affect them provide a substantial foundation for
controlling them during cold rolling of thin strip. In this present work, a study of
their evolution while considering the rolling parameters and initial microstructures
was conducted. The use of analytical modelling, weight function, and FEM to
analyse edge cracks were also proposed. From this current research the author
suggests that future work may include the following:


In our future study dry lubrication and oil lubrication rolling, and other
uses of lubrication, will be used to clarify their effects on the evolution of
edge cracks;



How the diameters of work rolls affect strip edge cracks;



A wide range of test materials with various chemical compositions, or
other steels, needs to be investigated to study their effects on edge cracks;
171

CHAPTER 7 CONCLUSIONS AND RECOMMMANDATIONS FOR FUTURE WORK



Effects of surface roughness and oxidation on edge cracks; and



Crystal Plastic (CP) analysis needs to be adopted and emphasised to
analyse how microstructures affect the formation of edge cracks.
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